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ABSTRACT 
UNDERSTANDING THE POTENTIAL ROLE PLAYED BY MAJOR 
FLAVONOID COMPONENTS OF APPLE LEAVES IN PLANT DEFENSE 
AGAINST HERBIVOROUS ARTHROPODS 
FEBRUARY 2003 
WILLIAM M. COLI, B.S., HOLY CROSS COLLEGE 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Ph. D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Wesley Autio 
Field, greenhouse, and laboratory studies were conducted with the following 
objectives: 1. develop an efficient extraction and analytical method for determining 
concentration of major flavonoids in apple (Malus domestica Borkh.) leaves, 2. determine 
if differences exist in levels of these components in leaves of ten apple cultivars and if 
these differences explain variation in cultivar susceptibility to spider mites (Acari: 
Tetranychidae), 3. understand the effects of varying light and nutritional regimes on apple 
leaf flavonoid levels, 4. assess if the flavonoid phloridzin, when applied to bush bean 
plants, affects Two Spotted Spider Mite population density, and 5. Determine if summer 
pruning of mature, field-grown apple trees influences levels of foliar phloridzin. 
An efficient extraction and HPLC analytical method is presented using commonly 
available and least toxic solvents and an isocratic HPLC run of short duration allowing 
calculation of unknown concentrations with a high degree of accuracy. 
vi 
Different cultivars showed significant differences in mite susceptibility and in 
phloridzin concentration in leaves. However, phloridzin differences do not appear to 
explain variation in cultivar susceptibility to spider mites. 
Greenhouse trials indicated that phloridzin concentration was significantly lower 
in leaves of potted trees of the four cultivars tested under 70% shade cloth than under full 
sun. All cultivars responded similarly to sun or shade in regard to percent dry weight 
phloridzin. Nutrition treatments appeared to have an effect on phloridzin levels only in 
1995. 
Horticultural bush bean plants (Phaeseolus vulgaris) were either sprayed or 
injected through a cotton wick with 0.01 M phloridzin or distilled water, and seeded with 
5 gravid female Tetranychus urticae mites. Phloridzin, either when applied topically to 
bean plants, or when introduced into the transpirational stream via a cotton wick, resulted 
in smaller numbers of T. urticae compared to plants which were not treated with 
phloridzin. 
Summer pruning of mature, field grown ‘McIntosh" apple had no effect on 
phloridzin concentration, likely indicating that summer pruning is not a stimulus of 
induced changes in flavonoid content. 
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CHAPTER I 
LITERATURE REVIEW 
Unlike animals, which can flee when attacked by predators, terrestrial plants are 
anchored in place by root systems. Nonetheless, plants are far from defenseless against 
herbivory by virtue of an array of morphological/structural, physiological, and 
biochemical adaptations, both constitutive and induced, short-term and long-term (Green 
and Ryan, 1972; Feeny, 1976; Baldwin and Schultz, 1983; Edwards and Wratten, 1983; 
Rhoades, 1985; Fowler and Lawton, 1985; Wink, 1988; Karban and Myers, 1989; 
Haukioja, 1990; Raupp and Tallamy, 1990; Constabel and Ryan, 1998). Constitutive and 
induced defenses are generally thought to have low specificity (Kuc and Rush, 1895; 
Karban and Myers, 1989; Krischik et al., 1991) and are reported to provide "cross¬ 
resistance" (Hart et al., 1983; Karban et al., 1987; Karban, 1988) to herbivores and 
pathogens. This makes sense from an evolutionary standpoint, since it would be 
energetically costly for plants to have evolved different defensive mechanisms for 
different herbivores (Kogan and Paxton, 1983; Coley et al., 1985). 
Examples of morphological/structural defenses against herbivory include: thorns, 
spines, prickles and hairs (Myers and Bazely, 1990; Bjorkman and Anderson, 1990), 
character and composition of leaf waxes (Ramaehandran et al., 1998), leaf thickness and 
toughness (Lowman and Box, 1983; Karban and Myers, 1989; Bjorkman and Anderson, 
1990), glandular and non-glandular leaf trichomes (Levin, 1973; Duffey, 1986; Baur et 
al., 1990), lignin (Wainhouse et al., 1990), resin (Raffa and Berryman, 1987), 
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developmental stage (Kearsley and Whitman, 1989), and differences in cuticular lipids 
(Yang etal, 1993). 
Physiological or growth-related responses which may have a defensive effect 
include: tolerance (Kogan, 1982), leaf wilting (Bemays and Lewis, 1986), premature leaf 
abscission (Faeth et al., 1981; Williams and Whitman, 1986), leaf yellowing and epinasty 
(Hislop et al., 1973), many of which may be related to the plant’s production of "stress 
ethylene" (Yang and Pratt, 1978), asynchrony of flowering and time of pest attack 
(Diarisso et al., 1998), and growth reversion to a juvenile state (Bryant et al., 1991). 
Plants also contain an array of bio-molecules as well which are potentially toxic, 
repellant, or which mimic substances normally produced by the herbivore (Rosenthal, 
1986), including phenolics (Harbome, 1964; Isman and Duffey, 1982), terpenoids 
(Gershenzon, 1994; Lagenheim, 1994), alkaloids ( Baldwin, 1988; Baldwin and 
Ohnmeiss, 1993), protease inhibitors (Ryan, 1990), and cardiac glycosides (Reed et al., 
1982). Presence of such compounds defends plants in several ways, including: 
entrapment (Duffey 1986), disruption of normal host selection behavior 
(antixenosis)(Kogan, 1982; Gao and Brewer, 1998), disruption of normal growth, 
development, fecundity, or longevity (antibiosis) (Kogan, 1982; Byrne et al., 1997), and 
attracting entomophagous species (Sabelis and Van de Baan, 1983; Dicke, 1986; Dicke 
and Sabelis, 1988; Dicke et al., 1990a, 1990b; Turlings et al., 1990, 1991, 1995; Bruin et 
al., 1992; McCall et al., 1993; Tumlinson et al., 1993a, b; Lagenheim, 1994; Takabayahsi 
et al., 1994; Houkoshi et al. 1997; Shimoda et al., 1997; Maeda et al., 1998, 1999, 2000). 
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Some secondary metabolites are also implicated in plant susceptibility or resistance to 
certain diseases as well (Friend, 1979). 
Although Mothes (1955) suggested that such secondary plant metabolites are 
waste products with no function, the contention offered by Fraenkel (1959) that they play 
a role in plant defense offers a more rational explanation for why some classes of such 
compounds (e.g., flavonoids) commonly occur in plants at between 1-5% of fresh weight 
(Towers, 1964) or more (Hunter and Hull, 1993; Hunter et al., 1994). This is especially 
so given that the energetic costs of producing putative defensive compounds may be quite 
high (Berryman, 1988), so that such costs would select against genotypes producing them 
if they did not confer some advantage (Rhoades and Cates, 1976). The ubiquity of 
phenolics as a general category of secondary metabolite in plants noted by Appel (1993) 
supports the putative defensive role of these molecules, speaks to the importance of the 
metabolic pathways controlling their formation (Floss, 1979), and may offer support for 
the contention of Simms and Rausher (1987) that, at least for some plants, there may be 
no evident costs of enhanced defense. 
Over evolutionary time, some insects have developed sophisticated behaviors to 
undercut plant biochemical defenses, or have even found ways to use them in their own 
defense. For example, the leaf-feeding coccinellid beetle Epilachna borealis cuts a trench 
beginning at one edge of cucurbit hosts or girdles the leaf petiole prior to feeding on the 
tissues isolated from the plant’s defensive responses (Tallamy, 1985). Stem mothers of 
the aphid Pemphigus betae are known to select leaves of its host which have low levels of 
phenolics on which to induce galls (Zucker, 1982). Schultz (1988) has suggested that 
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interactions among foraging herbivores, plant chemistry, and other factors (e.g., 
predators, parasitoids, and pathogens) are key factors in the evolution of herbivore diets 
and host range. For example, while suggesting that gypsy moth growth and fecundity are 
negatively affected by oak leaf tannin levels, Keating and Yendol (1987) and Keating et 
al. (1988, 1990) also reported that exposure to tannins can reduce larval susceptibility to 
nuclear polyhedrosis virus. Although D’Amico et al. (1998) recently challenged this 
latter contention, their experiments also found increased tannin levels in severely 
defoliated oaks. 
Although there remains controversy over their importance and the number of 
trophic levels over which their effects operate, phenolics are central to prevailing theories 
of plant defense, including the growth differentiation balance hypothesis (GDBH; 
Loomis, 1932; Lorio, 1988; Hermes and Mattson, 1992), the plant apparency theory 
(PAT; Feeny, 1976; Rhoades and Cates, 1976), the resource availability hypothesis 
(RAH; Bryant et al., 1983; Tuomi et al., 1984), and the carbon-nutrient balance 
hypothesis (CNBH; Coley et al., 1985; Tuomi et al., 1988). 
The basis of the growth-differentiation hypothesis is the suggestion that plants 
must constantly balance the competing physiological requirements of growth, tissue 
maintenance, reproduction, and defense. Hermes and Mattson (1992) note that certain 
molecules (e.g., phenylalanine) which are common substrates for formation of secondary 
metabolites as well as proteins needed for primary metabolic functions are of limited 
availability, thus causing the plant to make "trade offs" between growth and defense. 
Lorio (1988) concluded that moderate stress on the tree might increase tree defenses if the 
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stress was not severe enough to adversely affect photosynthesis. Under such conditions, 
excess photosynthetically-formed carbon could then be used in the production of 
defensive compounds rather than for growth. 
Recently, Jones and Hartley (1999) offered the Protein Competition Model (PCM) 
to explain how plants allocate secondary metabolites against herbivores. Because both 
protein synthesis and phenolic synthesis depend on availability of phenylalanine (PHE), 
the model is consistent with the Growth Differentiation Balance Hypothesis in that it 
predicts an inverse relationship between rates of protein and phenolic synthesis. 
As its name implies, the plant apparency theory attempts to link the variety of 
defensive strategies used by "apparent" plants (e.g., long-lived, evenly-distributed, late 
succession forest trees) with those of "unapparent" plants (e.g., short-lived, patchily- 
distributed, early succession annuals). Because of their characteristics, the former, are 
more likely to be encountered by herbivores than the latter. Hence, apparent plants are 
held to invest greater resources into defensive chemicals (e.g., tannins in oak), whereas, 
unapparent plants invest relatively few resources into such compounds, potentially 
escaping from herbivory through reliance on their annual life cycle, patchy distribution, 
and colonization of new habitat via wind or other seed dispersal mechanisms (Price et al., 
1980). Rhoades and Cates (1976) postulated that defenses in ephemeral (non-apparent) 
tissues should be characterized by toxic chemicals whose synthesis represents low cost to 
the plant, and which are more effective against generalist herbivores than specialist 
herbivores. Conversely, long-lived (apparent) plants are more likely to be defended by 
more energetically and resource costly digestibility-reducing compounds (e.g., tannins) 
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which are effective against either herbivore type. Rhoades and Cates (1976) give 
examples of how both the type and concentration of defensive chemicals can vary 
according to leaf age on different plants, and that this variation can influence the types of 
herbivores that are attracted to and can feed on the plant. They note that "under this 
scheme, the most highly defended leaf tissues would be the mature leaves of a long-lived, 
common, evergreen, climax woody perennial". 
The resource availability hypothesis suggests that plants whose growth is not 
limited by lack of nitrogen will shunt most of their available carbohydrates into growth, 
leaving relatively little available for carbon-based defenses, while those which are 
growing in nutrient-poor (particularly nitrogen-poor) soils will utilize excess 
photosynthetically-derived carbon to produce carbon-based secondary metabolites such as 
terpenes, resins, tannins and other phenolics (Bryant et al., 1983; Ebel, 1984; Coley et al., 
1985; Chapin et al., 1987; Waterman and Mole, 1989). Plants growing in resource 
limited (but not resource poor) environments may experience the best of both worlds 
since carbon reserves available in excess of those required for growth may be diverted to 
defensive metabolites essentially at no cost to the plant (Bryant et al., 1985; Tuomi et al., 
1988). 
Plants are not limited to essentially passive constitutive defenses, but may also 
actively defend themselves through various responses induced by exogenous stressors. In 
some instances, defensive chemicals (e.g., alkaloids) have been found to increase by as 
much as five-fold in response to herbivory, even when simulated (Baldwin and 
Ohnmeiss, 1993). 
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Induced resistance has been defined by Kogan and Paxton (1983) as "..the 
qualitative or quantitative enhancement of a plant’s defense mechanisms against pests in 
response to extrinsic physical or chemical stimuli known as inducers or elicitors." 
Induced responses can vary depending on plant genotype, as noted by Hildebrand et al. 
(1986) who observed an induced response in one soybean cultivar, and no induced 
response in another. Responses can also be induced by different types of elicitors, 
including damage by spider mite feeding (Karban and Carey, 1984), by attack of a fungus 
(Karban et al., 1987), or by mechanical damage (Karban, 1985). 
In recent years, many aspects of the way in which plants respond to injury have 
become better understood. According to the model proposed by Clarence Ryan and 
colleagues (Ryan, 1984; Farmer and Ryan, 1992; Bergey et al., 1996; Ryan, 2000), 
herbivore wounding of a plant results in the activation of plant defensive genes mediated 
by a mobile 18-amino-acid polypeptide signal called Systemin (Pearce et al., 1991; 
McGurl et al., 1992, 1994; Howe and Ryan, 1999), and by the systemin precursor, 
prosystemin (Howe and Ryan, 1999). l4C-labeled systemin moves rapidly throughout the 
plant, moving similarly to 14C-labeled sucrose (Narvaez-Vasquez et al, 1995). Systemin 
causes the formation of Jasmonic Acid (JA), a compound derived from linolenic acid via 
the octadecanoid pathway (Concini et al., 1996; Constabel and Ryan, 1997; Orozco- 
Cardena and Ryan, 1999) which is highly conserved in all plants (Karban, 1998). 
Stratmann and Ryan (1997) and Stratmann et al. (2000) have reported the presence in 
tomato plants of a 48-k DA myelin basic protein kinase (MBPK) which they suggest may 
cause the release of linolenic acid from membranes and its subsequent conversion into 
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JA. JA is considered a potential signaling intermediate in wound-activated expression of 
plant defensive genes (Ellard-Ivey and Douglas, 1996; Farmer and Ryan, 1992) and has 
been shown in Arabidopsis to be critical to defense induction (McConn et al., 1997). JA 
is thought to initiate a cascade of biochemical steps, including turning on numerous genes 
which code for production of many different chemicals, some of which (e.g., proteinases, 
proteinase inhibitors and polyphenol oxidases) are direct defenses, or are important to 
turning over proteins to provide the amino acid components of defensive compounds 
(Green and Ryan 1972; Ryan and Green, 1974; Wong et al., 1976; Broadway^ al., 1986; 
Schaller and Ryan, 1996; Constabel and Ryan, 1998). Consistent with current 
understanding of the role of JA in the activation of plant defenses, Ozawa et al. (2000) 
found that "the volatiles induced by aqueous JA treatment were quantitatively and 
qualitatively similar to those induced by" arthropod-infested bean plants. An early step in 
plant defense may have been reported by Orozco-Cardenas and Ryan (1999), who noted 
that wounding, methyl jasmonate, and systemin all resulted in generation of H202 and 
supported the contention that production of such reactive oxidative substances may serve 
several functions, including: potentiating plant defense response and causing direct 
oxidative injury to the insect gut. 
Similarly, salicylic acid (SA) reportedly plays a role in active plant defensive 
response to pathogen infection through systemic acquired resistance (SAR) ( Seo et al., 
1995; Dumer and Klessig, 1995). SAR is defined as induction of disease resistance in 
plants that differs from other inducible responses such as phytoalexin production and the 
hypersensitive response, but which provides systematic, long term resistance to disease 
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infection (Ross, 1961; Ryals et al., 1994). Interestingly, both SA and acetylsalicylic acid 
(ASA) are potent inhibitors of the octadecanoid pathway (Doares et al., 1995a, 1995b) 
through which proteinase-inhibitor synthesis is induced by systemin and jasmonic acid. 
Thus it appears that mechanisms of disease or insect defense, in some measure at least, 
operate in opposition to one another. 
In addition to being direct defenses, some of the molecules which plants produce 
de novo (Pare and Tumlinson, 1997, 1999) in response to wounding (e.g., terpenoids, 
linalool, £-P-famesene, etc.) make the plant more apparent to predators and/or parasites 
of the pest (Sabelis and Van de Baan, 1983; Dicke, 1986; Dicke and Sabelis, 1988; Dicke 
et al., 1990a, 1990b; Turlings et al., 1990, 1991, 1995; Bruin et al., 1992; McCall et al., 
1993; Tumlinson et al., 1993a, b; Houkoshi et al., 1997; Shimoda et al., 1997; Maeda et 
al., 1998, 1999, 2000), thereby "recruiting" help in repelling the attacker (DeMoraes, 
1998). This has been called "indirect defense" by Takabayashi et al. (1994). The same 
authors referred to plant-emitted volatiles that attract natural enemies as "herbivore- 
induced synomone".Takabayashi et al. (2000) have observed that the plant origin 
compounds palmitic acid and stearic acid are used by the parasitic wasp Cotesia 
glomerata as host-finding cues when the compounds are secreted as oily droplets from 
the dorsal setae of Pieris rapae. Plant origin volatiles in frass of Helicoverpa zea Boddie 
and Cotesia marginaventris have also been reported to be attractive to parasites (Rose et 
al., 1997; Turlings et al., 1999). 
McCall et al. (1993) noted that the volatile profile emitted by wounded plants 
varies over time, and that this variation can influence the numbers of the parasitic wasp 
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Microplitis croceipes flying to the plant. Turlings et al. (1995) found that volatiles 
emitted by plants in response to herbivory are not induced by mechanical damage alone, 
are specific to plant species, and are emitted in large enough amounts as to be 
distinguishable by parasitoids and predators from background odors. Many different 
plant species release similar volatile terpenes in response to herbivory (Pare and 
Tumlinson, 1999), suggesting that this pattern of plants "recruiting" arthropod defenders 
is not only widespread, but similar across species. However, cotton plants damaged by 
two different herbivores released qualitatively, although not quantitatively, different 
blends of volatiles (DeMoraes et al., 1998). Fujiwara et al. (2000), in comparing com, 
kidney beans, and Japanese radish, found both qualitative and quantitative differences in 
the specific blend of volatiles emitted by damaged foliage. Takabayashi et al. (1998) and 
Maeda et al. (1998, 1999, 2000), also reported that the blend of volatiles emitted varied 
depending on the specific tritrophic system studied. Differing responses to volatiles were 
seen among local populations of the same predatory mite (Maeda et al. 1999). 
Such differences make it possible for host-specific parasitoids to identify readily 
their preferred host. Unfortunately, it appears that no defense is perfect, given the finding 
that Colorado Potato Beetle adults are preferentially-attracted to the volatile profile 
emitted by damaged potato plants, and will move upwind to seek them out (Landolt et al., 
1999). 
Nonetheless, the potential utility of applying inducers of plant defensive 
chemicals was demonstrated by Thayler et al. (1996) and Thaler (1999), who found that 
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parasitism of caterpillar pests increased twofold when tomato plant defenses were 
induced with topically-applied jasmonic acid. 
One elicitor of plant volatiles, volicitin (N- (17-hydroxylinolenoyl)-L-Glutamine) 
(Albom et al., 1997; Pare et al., 1998; Turlings et al, 2000; Albom et al., 2000) has been 
shown to be produced by beet armyworm caterpillars by conjugation of plant-derived 
linolenic acid with the fatty acid glutamine. 
Jones et al. (1993) showed that a wounding signal is translocated from the site of 
injury to other leaves sharing the same vascular system and suggested that this may 
partially explain variation in expression of systemic induced resistance (SIR). Baldwin 
(1989) and Baldwin et al. (1994) reported that JA is translocated to the roots of tobacco, 
where the nitrogenous defensive compound nicotine is produced, thereby increasing the 
nicotine concentration flowing through xylem cells to undamaged leaves. Zhang and 
Baldwin (1997) supported this contention by finding that [2-u C] labeled jasmonic acid 
applied to Nicotiana leaves was translocated to roots and caused an increase in root JA 
pools. They suggested that while this increase corresponded to wound-induced JA pool 
increases, confirmation that direct transport of JA from sites of wounding is the cause of 
root JA pool increases will require that all other potential signaling pathways (e.g., 
systemin) be inhibited. 
The possibility that the wounding signal produced by damaged trees may be 
volatile and thus be perceived by nearby undamaged trees was raised by Baldwin and 
Schultz (1983). Although some support for this possibility was offered by Rhoades 
(1982), Haukioja et al (1985), and Zeringue (1987), this contention has been challenged 
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by Fowler and Lawton (1985). However, the more recent finding (Farmer and Ryan, 
1990) that proteinase inhibitor proteins could be induced by exposure of tomato leaves to 
airborne methyl jasmonate offers support for the possibility that herbivore damaged- 
plants can communicate with nearby undamaged conspecifics. Further evidence of 
possible inter-plant communication was offered by Arimura et al. (2000), who found that 
uninfested plants adjacent to infested ones were also attractive to the predatory mite 
Phytosieulis persimilis. Those authors showed that five separate defensive genes were 
activated by exposure to volatile terpenoids emitted from the damaged plants. 
The work described herein, while not focused specifically on induced defenses, 
aims to better understand certain aspects of the chemical ecology of apple tree-arthropod 
interactions. .Although some authors have argued that the role of plant chemistry in plant- 
herbivore co-evolution has been overemphasized (Bemays and Graham, 1988), 
developing such an improved understanding is in keeping with suggestions by other 
leading thinkers in the field, that the impact of plant chemistry on herbivores is both 
important, and worthy of more study (Schultz, 1988; Karban and English-Loeb, 1988; 
Ehrlich and Murphy. 1988). The potential exists within future Integrated Pest 
Management (LPM) programs for deliberate induction of plant defensive responses by 
inoculating plants early with a less damaging species to deter later buildup of a more 
serious pest (English-Loeb and Karban. 1988) or to combine constitutive and/or induced 
defenses with bio-engineering to increase plant ability to defend themselves (Westedt et 
al., 1998). 
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CHAPTER II 
DEVELOPMENT OF AN EFFICIENT EXTRACTION AND ANALYTICAL 
METHOD FOR QUANTIFYING PHLORIDZIN CONCENTRATION IN APPLE 
LEAVES 
A. Introduction 
The dihydrochalcone glycoside phloridzin and its aglycone phloretin, are not 
widely distributed in nature, being largely confined to all species of Malus (family 
Rosaceae) (Williams, 1960), Pieris japonica (family Ericaceae) and some specimens of 
Smilax glycyphylla in the Liliaceae (Harbome, 1973). They are synthesized in the leaves 
(Hutchinson, 1959), and are considered by Challice and Williams (1970) as metabolic 
end-products, rather than intermediates in the bio-synthesis of other flavonoids. In Malus 
spp., both compounds are found in all parts of the plant, including roots (Hutchinson et 
al., 1959), bark ( Bessho et al, 1994), foliage (Fulcher et al., 1998; Garcia et al, 1995) 
and fruit (Whiting and Coggins, 1975; Wilson, 1981; Oleszek et al., 1988; McRae et al, 
1990; Spanos et al., 1990; Awad, 2000). In the peel of eight apple cultivars, levels of 
phloridzin were reported by McRae et al (1990) to range from 89 pg g'1 in ‘Northern 
Spy’ to 331 pg g'1 in ‘Delicious’ 
In foliage of Malus, phloridzin and phloretin are the major flavonoids present 
(Williams, 1960, 1964; Lea, 1982; Hunter and Hull, 1993; Hunter et al, 1994), often 
representing between 3 to 7% of leaf dry weight (Hunter, 1975). Phloridzin concentration 
is reported to be inversely related to leaf maturity (Garcia, et al, 1997). In apple, 
phloridzin, phloretin, narigenin, and catechin, while not directly toxic, are reported as 
having antifeedant properties for Japanese beetle (JB) (Spicer et al, 1995; Fulcher et al, 
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1997, 1998). Individual crabapple cultivars varied substantially in resistance to JB from 
10% to 100% (Spicer et al., 1995). Antifeedant activity of phloridzin to JB was high, 
especially in some cultivars (Fulcher et al., 1997, 1998 ). Individual phenolics from apple 
have also been suggested as having varying antifeedant activity against apple maggot fly 
larvae (Pree, 1977) when given as part of an artificial diet. Phloridzin is also reported by 
some authors to be associated with disease resistance in apple (Harbome, 1973). 
A number of different methods for extracting and quantifying phloridzin 
concentrations from leaves, fruit, seeds, juice, callus, etc. are published (Harbome, 1973; 
Wilson, 1981; Lea, 1982; McRae et al., 1990; Jahm, 1996; Hunter and Hull, 1993; 
Hunter et al., 1994; Suarez Valles et al., 1994). Van Sumere et al. (1979) noted, that gas 
chromatography does not lend itself to the direct analysis of phenolics since they are non¬ 
volatile, and that neither paper chromatography nor thin layer chromatography result in 
separation of pure phenolics. 
Regardless of which method is used, published studies often do not describe what 
percent of phloridzin present in tissues was recovered (e.g., Hunter and Hull, 1993; 
Hunter et al., 1994), making reproducibility and comparative studies a problem. 
Moreover, if one wishes to extract and analyze large numbers of samples, the need to use 
a gradient HPLC method (Lea, 1982; McRae, 1990; Jahm, 1996; Awad et al., 2000), 
extraction with acetone (Hunter and Hull, 1993) or other solvents that require operations 
in a fume hood (Wilson, 1981; Awad et al., 2000), and/or time-consuming solvent 
evaporation in a rotary evaporator (Wilson, 1981; McRae et al., 1990; Hunter and Hull, 
1993) is a significant problem. 
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Here we report on efforts to develop an extraction method based on that of Jahm 
(1996) with a high percent recovery, using solvents for extraction that do not require 
vacuum evaporation or use of a fume hood, and an isocratic HPLC analytical method of 
relatively short duration to quantify phloridzin concentration in apple foliage. 
B. Materials and Methods 
1. Sample handling and preparation 
For each cultivar, pooled samples of 20 fully-expanded apple leaves were 
collected midway along current year terminal shoots growing on the outer portion of three 
adjacent tree canopies, taking care to collect leaves from all four quadrants of each tree. 
Ten leaf sub-samples were placed immediately in separate coolers containing 
either reusable ice packs or dry ice, to determine if rapidity of chilling and or freezer 
storage temperature have any effect on phloridzin content after extraction. Within three 
hours, the set of samples initially chilled by dry ice was stored in a Revco™ freezer at -70° 
C, and the other set in a regular freezer at -29c C. 
Prior to extraction, samples were lyophilized and then ground into a fine powder 
using a Wiley Mill. Between samples, the mill was cleaned to eliminate or reduce 
contamination of samples with residues from previous ones. 
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2. Sample Extraction 
Prior to extraction, 400 mg of each dried and ground sample were weighed on a 
precision analytical balance and placed into a 50 ml Erlenmeyer flask. Twenty-five to 3J1 
ml of previously filtered and vacuum degassed HPLC grade ethanol (Fischer Scientific, 
Pittsburg, PA) with 8.6 mM ascorbic acid (Sigma Chemical, St. Louis, MO.) was poured 
into each flask, and allowed to stand for 2 hours. Ethanol was chosen as the extraction 
solvent since it is less expensive and less toxic to use than other reported choices (e.g., 
acetonitrile). Ascorbic acid was added to the extraction solvent to deter oxidation 
(Harbome, 1973) during extraction and subsequent storage. After the initial 2-hour 
extraction period, the liquid phase was decanted into a 125 ml Erlenmeyer flask, taking 
care to leave all leaf solids in the smaller flask. The larger flask was then covered tightly 
with aluminum foil and stored in the dark. An additional 25-30 ml added to each of the 
smaller flasks containing the samples and extracted for an additional 2-hour period. The 
liquid phase was then decanted into the larger flasks as before, and a third, 2-hour 
extraction conducted as above. 
After the full 6-hour extraction period, the liquid content of the larger flasks, now 
containing between 75-90 ml of ethanol/8.6 mM ascorbic acid and any compounds 
extracted from the leaf tissue, was transferred to 100 ml volumetric flasks. Each 125 ml 
Erlenmeyer flask was triple rinsed with the extracting solvent to insure that no sample 
residue remained, and all rinsate added to the appropriate volumetric flasks. 
Subsequently, each extracted sample was brought to a standard 100 ml volume, and 
shaken to insure thorough mixing. Approximately 30 ml was withdrawn from each 
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volumetric flask with a large syringe, filtered with an individual 2.0 ^ syringe filter 
(Coming) into labeled 30 ml glass, screw-top vials, and placed into a freezer for later 
analysis. 
Results are presented as both //g/ml (i.e., concentration of phloridzin in samples 
calculated from the standard curve) and as percent dry weight (i.e., amount of phloridzin in 
400 mg of dried and ground sample use for extraction). 
a. Percent recovery To determine the percent recovery of the 6-hour extraction, 
some samples had an additional 75-90 ml of solvent added to them, and allowed to extract 
over night. Resultant extracts were brought to standard volume as above, and analyzed for 
presence and amount of phloridzin present. 
3. Sample analysis and Phloridzin quantitation 
Reverse-phase HPLC (RP-HPLC) analysis was performed using a Perkin Elmer 
Series 200 LC pump equipped with a P.E. SEC-4 solvent environmental chamber, a P.E. 
Series 200 Autosampler, and a PE Series 200 Diode-Array detector with absorbance 
measured at 286 nm. A 5/^m reversed-phase analytical column (C18, 25 cm x 4.5 mm I.D., 
Supelco™, Bellafonte, PA) preceded by a 2.5 cm Supelco™ reversed-phase C-18 guard 
column was used as the solid phase. Filtered and degassed HPLC grade methanol (Fischer 
Scientific, Pittsburg, PA) and sodium acetate buffered water at pH 4.0 were used as the 
mobile phase. 
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4. Mobile phase ratio test 
To determine the optimal ratio of methanol to buffered water for the analytical 
mobile phase, an initial test was performed by serially diluting freshly prepared 1000 
ug/ml standards of phloridzin and phloretin (Sigma Chemical, St. Louis, MO) to four final 
concentrations: 50 ug/ml phloridzin plus 50 ug/ml phloretin, 100 ug/ml phloridzin plus 
100 ug/ml phloretin, 125 ug/ml phloridzin plus 125 ug/ml phloretin, and 200 ug/ml 
phloridzin plus 200 ug/ml phloretin. The standards, as well as vials containing two field 
collected samples (D9-1994 and DIO-1994) were run at mobile phase ratios of 50:50, 
60:40, 70:30, 80:20, 90:10, and 100:0 methanol: pH 3.5 buffered water. Based on the 
observation that the apparent best peak shape and standard separation was achieved at 
70:30 and that peak shape and separation declined at either 60:40 or 80:20 (data not 
shown), a subsequent analytical sequence was written using the four levels of standards 
and the two field collected samples as described above to test all mobile phase ratios from 
70:30 to 77:23. 
Subsequently, in an effort to determine if Coefficients of Determination for 
standard curves could be improved still further, auto sampler vials were next prepared 
containing five levels of standards (all of the above with the addition of a vial containing 
250 ug/ml phloridzin plus 250 ug/ml phloretin) as well as the two field-collected samples 
previously analyzed. Standards and unknowns were run using all mobile phase ratios from 
70:30 to 77:23. 
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5. Buffer pH test 
To determine the optimum buffer pH for the analyses, sodium acetate buffers were 
mixed at pH 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, and 6.0. Standards of 500 /ig/ml phloridzin and 
500 /ig/ml phloretin were prepared by weighing appropriate amounts of dry standards and 
transferring them to 100 ml volumetric flasks, prior to bringing each up to standard 
volume with a solution of 70% HPLC grade ethanol and 30% distilled/deionized sodium 
acetate buffer at each of the seven pH’s noted above. Subsequently, a serial dilution of 
each buffered standard was performed as described above, and the five levels of standard 
concentrations run through the HPLC using a mobile phase comprised of 70% methanol 
and 30% buffered water. 
On each lab day when an HPLC run was planned, standard 500 /^g/ml solutions of 
phloridzin and phloretin were freshly mixed using the extracting solvent, and serial 
dilutions done of each to 50, 100, 125, 200, and 250 /^g/ml. 
Once the final mobile phase ratio and pH were determined, a standard curve was 
developed by regressing area under the curve against known standard concentrations. In 
keeping with standard laboratory procedure, a Coefficient of Determination (r2) of 0.99 or 
better was considered acceptable for further analysis. 
For subsequent runs containing unknowns (samples), the auto sampler was 
programmed to run the following sequence of injections, with injector needle flushed with 
1000 /A of HPLC grade methanol between each injection: ethanol blank, standard 
concentration #1, standard concentration #2, standard concentration #3, standard 
concentration #4, standard concentration #5, ethanol blank, samples 1-10 sequentially, 
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ethanol blank, standard concentrations #1 through #5 sequentially, ethanol blank, samples 
11-20 sequentially, ethanol blank, standard concentrations #1 through #5 sequentially, etc., 
using this repeated sequence of standards and samples up to the maximum allowed by the 
auto injector tray (100 vials). Since concentration of unknowns was calculated from the 
standard curve, repeated periodic injection of standards was necessary in the event that 
operating parameters (e.g., pump pressure) change over the duration of the run. Similarly, 
repeated injection of a blank was required to determine if any of the standards were 
"hanging up" on the column. 
Computer control of all hardware, data collection, peak integration, data analysis, 
calculation of unknown phloridzin/phloretin concentration and percent dry weight, and 
report generation was by Perkin Elmer Turbochrome™ software (Version 6.1.1) running 
on a dedicated PC running the Windows 95 operating platform. 
C. Results and Discussion 
1. Mobile phase test 
All mobile phase ratios tested gave acceptable Coefficients of Determination, 
although use of five rather than four concentrations of standards to draw the standard 
curve resulted in higher Coefficients (Table 2.1, 2.2). Coefficients of Determination were 
marginally better for both phloridzin (RDZ) and phloretin (RET) at a ratio of 70:30 
compared to all others, although RDZ peak shape was somewhat improved at a ratio of 
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75:25. Ratios with less methanol resulted in peaks with trailing shoulders. Retention time 
varied only slightly with differing mobile phase ratios (Table 2.3). 
2. Percent Recovery 
For two sets of 1994 field-collected leaf samples (total n = 20 samples), percent of 
total phloridzin extracted after 6 hours ranged from 77% to 96%, with an overall mean 
percent extraction of 85.3% (Table 2.4). Percent of total phloridzin extracted after an 
additional overnight extraction period of 16 hours ranged from 4% to 23%, with an overall 
mean percent extraction of 14.7%. 
Without conducting extractions for still longer durations, it is not possible to state 
that 100% of phloridzin was extracted using this method. However, Jahm (1996) reported 
that his method, of "spiking" samples with a known quantity of reagent, resulted in a 
recovery of between 87 to 92%. He considered this level of recovery to be good. 
Whether or not the extraction succeeded in quantifying the absolute amount of 
phloridzin in apple leaves cannot be stated conclusively. However, generally higher 
phloridzin concentrations reported here for ‘Golden Delicious’ and ‘Delicious’ than those 
determined by Jahm (1996) or Hunter and Hull (1993) can potentially indicate a higher 
extraction efficiency of this method. Such differences may also be due to time of year 
when samples were collected, as well as tree-to-tree, year-to-year, and site-to-site 
variation. Results reported here were consistent with those of Hunter and Hull and Jahm 
with regard to the finding that there is substantial variation in phloridzin concentration 
among cultivars. For example, Jahm found that phloridzin varied from 2.49 % DW to 
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10.87 % DW in the eight cultivars he tested, while Hunter and Hull found variation among 
five cultivars ranging from 2.0 % DW to 5.6 % DW. 
3. Buffer pH test 
Using a mobile phase ratio of 75:25, buffer pH of 3.0 to 5.0 all gave acceptable 
Coefficients of Determination for phloridzin standards, although the highest r2 was 
achieved at pH 4.0 (Table 2.5). 
4. Dry ice - reusable ice pack test 
Coefficients of Determination for phloridzin and phloretin standards ranged from 
0.998954 to 0.999051 and 0.999301 to 0.999324 respectively over the duration of the 
analysis. In all but three cases, amount of phloridzin extracted over a 6 hour extraction 
was greater from samples which had been field collected into a cooler containing dry ice 
compared to samples collected into a cooler containing reusable ice packs (Table 2.6). 
Because concentrations of the aglycone phloretin were not correspondingly higher in ice 
pack samples (data not shown), this difference in phloridzin concentration is likely not due 
to hydrolytic cleavage of the sugar from the molecule. However, it is possible that the 
relatively warmer temperatures effected by the reusable ice packs allowed significant 
enzymatic or oxidative degradation of the phloridzin molecule prior to leaves being placed 
in a 20 °C freezer. 
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Table 2.1 Calculated Coefficients of Determination (r2) and regression equations for 
various ratios of methanol: pH 3.5 buffered water mobile phase using five concentration 
levels of standards. 
Coefficient of Regression Equation 
Determination 
Ratio Phloridzin Phloretin Phloridzin Phloretin 
70:30 0.999663 0.999819 y = (43152.14) + (19904.74)x y = (28316.96) + (37980.1 l)x 
71:29 0.999376 0.999829 y = (53044.12) + (19284.54)x y = (30048.55) + (37936.46)x 
72:28 0.999207 0.999801 y = (60695.80) + (18732.13)x y = (33465.76) + (37893.60)x 
73:27 0.999139 0.999721 y = (58521.53) + (18368.91)x y = (36877.64) + (37743.13)x 
74:26 0.999317 0.999713 y = (48506.14) + (18374.94)x y = (34817.33) + (37643.43)x 
75:25 0.999501 0.999691 y = (47118.96) + (18348.68)x y = (43020.29) + (37553.65)x 
76:24 0.999466 0.999565 y = (37794.40) + (18807.83)x y = (40868.27) + (38123.53)x 
77:23 0.999718 0.999348 y = (26110.50) + (19482.31)x y = (91369.42) + (36935.79)x 
Table 2.2 Calculated Coefficient of Determination (r2) and regression equations for 
various ratios of methanol: pH 3.5 buffered water mobile phase using four concentration 
levels of standards. 
Coefficient of Regression Equation 
Determination 
Ratio Phloridzin Phloretin Phloridzin Phloretin 
70:30 0.994178 0.991861 
71:29 0.993633 0.992591 
72:28 0.993704 0.992501 
73:27 0.993453 0.991863 
74:26 0.993372 0.991427 
75:25 0.994187 0.992232 
76:24 0.993899 0.991327 
77:23 0.993493 0.990681 
y = (103812.49) + (17335.27)x 
y = (131694.79) + (19870.69)x 
y = (128405.76) + (19447.20)x 
y = (132336.20) + (19086.79)x 
y = (125119.13) + (18922.85)x 
y = (116048.84) + (18826.83)x 
y = (126136.13) + (18168.08)x 
y = (127934.25) + (18974.82)x 
y = (296041.71) + (37758.38)x 
y - (286437.47) + (37014.30)x 
y = (286816.08) + (37105.27)x 
y = (303621.54) + (37182.21)x 
y = (305520.86) + (37113.28)x 
y = (292222.68) + (37140.63)x 
y = (320009.63) + (37810.41)x 
y = (327006.57) + (37261.49)x 
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Table 2.3 Effect of mobile phase ratio (MPR) on phloridzin(RDZ) retention time (RT). 
M.P.R. 70:30 71:29 72:28 73:27 74:26 75:25 76:24 77:23 
RDZ Sample 1 3.43 3.42 3.40 3.40 3.38 3.37 3.35 3.35 
RDZ Sample 2 3.43 3.43 3.42 3.40 3.40 3.38 3.36 3.34 
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Table 2.4 Percent recovery ( Mg/ml, % dry weight) of phloridzin from apple leaf samples 
after an initial 6 hr and a subsequent 16 hr extraction in ethanol. 
6 Hour Extraction Additional 16 hour extraction 
Sample # Cultivar yug/ml % Dry 
Weight 
%of 
Total 
Mg/ml %Dry 
Weight. 
%of 
Total 
Dl-94 Liberty 338.21 1 8.46 96 13.26 2 0.33 4 
D2-94 Delicious 371.69 1 9.29 87 54.65 2 1.37 13 
D3-94 Macoun 426.58 1 10.67 89 53.03 2 1.33 11 
D4-94 G. Delicious 334.04 1 8.35 86 53.03 2 1.32 14 
D5 -94 Early Mac 334.02 1 8.35 90 53.89 2 1.35 10 
D6- 94 Cortland 330.07 1 8.25 84 34.24 2 0.86 16 
D7-94 Braebum 315.41 1 7.89 88 63.22 2 1.58 12 
D8- 94 Gala 364.49 1 9.11 91 42.76 2 1.06 9 
D9-94 Rogers Mac 388.22 1 9.71 90 36.66 2 0.92 10 
D10 - 94 Empire 375.09 1 9.38 90 44.25 2 1.11 10 
El -94 Liberty 87.298 3 2.18 86 13.36 4 0.33 14 
E2-94 Delicious 115.89 3 2.897 79 30.15 4 0.75 21 
E3 -94 Macoun 190.48 3 4.76 86 29.79 4 0.75 14 
E4-94 G. Delicious 174.44 3 4.36 78 46.95 4 1.17 22 
E5 -94 Early Mac 156.47 3 3.91 81 35.194 0.88 19 
E6-94 Cortland 164.89 3 4.12 77 47.61 4 1.19 23 
E7-94 Braebum 192.02 3 4.80 82 42.17 4 1.05 18 
E8-94 Gala 166.64 3 4.17 81 37.98 4 0.95 19 
E9-94 Rogers Mac 135.44 3 3.39 80 34.35 4 0.86 20 
E10 - 94 Empire 102.30 3 2.56 86 16.344 0.41 14 
X 231.49 5.92 85.3 39.14 0.98 14.7 
1 r2 for standard curve = 0.996, Y = (112072.188842) + (18675.094489) X 
2 r2 for standard curve = 0.998, Y = (118397.855625) + (19228.400794) X 
3 r2 for standard curve = 0.999, Y = (88964.837086) + (18569.874781) X 
4 r2 for standard curve = 0.996, Y = (264400.34201) + (36008.809696) X 
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Table 2.5 Effect of buffer pH on Coefficients of Determination for Phloridzin standard 
curves. 
pH 3.0 3.5 4.0 4.5 5.0 5.5 6.0 
r2 0.999117 0.999553 0.999892 0.999750 0.997024 0.985398 0.93784 
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Table 2.6 Effect on phloridzin concentration of storing field-collected leaf samples in 
either dry ice (DI) or reusable ice packs (RIP) prior to analysis, 1997. 
Sample Dates 
5/27/97 6/16/97 7/21/97 Seasonal mean 
Cultivar Treatment ug/ml 
% Dry 
wt. ug/ml 
% Dry 
wt. ug/ml 
% Dry 
wt. ug/ml 
% Dry 
wt. 
Liberty DI 391.2 9.78 204.2 5.10 139.1 3.48 244.8 6.10 
RIP No Sample 92.4 2.30 72.3 1.81 82.4 2.10 
Delicious DI 150.5 3.80 207.6 5.19 194.3 4.86 184.1 4.62 
RIP No Sample 71.8 1.79 97.8 2.44 84.8 4.23 
Macoun DI 501.7 12.54 223.5 5.59 210.8 5.27 312.0 7.80 
RIP No Sample 266.4 6.06 183.6 4.59 225.0 5.33 
G. Delicious DI 396.8 9.92 188.5 4.71 225.6 5.64 270.3 6.76 
RIP No Sample 131.4 3.28 189.9 4.75 160.7 4.02 
Early Mac DI 337.4 8.44 166.9 4.17 117.8 2.95 207.4 5.19 
RIP No Sample 110.3 2.76 ND * ND * 110.3 2.76 
Cortland DI 242.4 6.06 135.2 3.38 99.3 2.50 149.0 3.98 
RIP No Sample 97.5 2.43 134.3 3.36 115.9 2.90 
Braebum DI 144.9 3.62 245.2 6.13 78.0 1.95 156.0 3.90 
RIP No Sample 116.7 2.91 145.9 3.65 131.3 3.28 
Royal Gala DI 246.3 6.16 201.4 5.04 107.9 2.70 185.2 4.63 
RIP No Sample 118.2 2.96 84.1 2.10 101.2 2.53 
Rogers Mac DI 384.4 9.61 355.6 8.89 331.1 8.28 357.0 8.92 
RIP No Sample 126.6 3.16 97.2 2.43 111.9 2.80 
Empire DI 327.2 8.18 237.7 5.94 107.1 2.67 224.0 5.60 
RIP No Sample 88.1 2.20 82.8 2.07 85.5 2.14 
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CHAPTER III 
DIFFERENCES IN PHLORIDZIN CONCENTRATION IN TEN FIELD-GROWN 
APPLE CULTIVARS AND RELATIONSHIP TO SPIDER MITE POPULATION 
DENSITY 
A. Introduction 
Spider mites are a serious and costly pest in commercial fruit orchards, causing 
reduced rates of photosynthesis via reduction in chlorophyll content, negative effects on 
transpiration rates, and decreases in extension shoot growth and dry weight (Boulanger, 
1958; Avery and Briggs, 1968a, 1968b; Avery and Lacey, 1968; Briggs, 1990). Because of 
damage mites cause and the difficulty of control, commercial growers support research 
into biologically based systems (Prokopy et al., 1996) for their management. Because 
apple cultivars are well known to have varying degrees of resistance or susceptibility to 
key indirect arthropod pests such as leafminers (Aim et al., 1985; Pottinger and Leroux, 
1971), mites (Ghate and Howitt, 1962; Briggs and Alston, 1969; Goonewardene et al., 
1976, 1978, 1980, 1986, 1990; Graf et al., 1992), and aphids (Briggs and Alston, 1969), as 
well as to key direct arthropod pests such as codling moth (Briggs and Alston, 1969), 
development of advanced pest management systems requires a better understanding of the 
basis of such variation. 
Ghate and Howitt (1962) found that mite populations were highest on ‘Delicious’, 
intermediate on ‘Yellow Transparent’, ‘Grimes Golden’, and ‘Jonathan’, and lowest on 
‘Wagener’, ‘McIntosh’, ‘Wealthy’, and ‘Duchess’. Downing and Moilliet (1967) also 
reported that European red mites were more numerous on and caused more leaf damage to 
‘Delicious’ than on ‘Spartan’ and ‘McIntosh. Dabrowski (1976) and Dabrowski and 
30 
Bielak (1978) observed differences in P. ulmi fecundity among seven apple and four plum 
cultivars under field conditions in Poland. No explanation of this variation was presented 
by most of the studies, although Dabrowski and Bielak (1978) provided data that the 
dihydrochalcone glycoside phloridzin and its aglycone phloretin reduced mite fecundity 
and increased mortality compared to the control when cultured on ‘Golden Delicious’. 
Both leaf thickness (Howitt, 1993) and leaf hairiness (Goonewardene,1976, 1978, 
1980) have been suggested as leaf characteristics explaining some of the variation in 
cultivar susceptibility to spider mites. Dabrowski (1976) reported that mite fecundity, 
survival, or developmental rate varied significantly among plant species. Those factors are 
reportedly negatively affected by phenolics in several kinds of plants, including apple and 
strawberry (Dabrowski and Bielak, 1978), and peppermint (Larson and Berry, 1984). 
While several studies have assessed phloridzin/phloretin levels in certain apple 
cultivars (McRae et al., 1990; Hunter and Hull, 1993;Tomas-Barberan et al.9 1993, Hunter 
et al., 1994a; Garcia et al., 1995; Awad et al., 2000), most cultivars commonly grown in 
Massachusetts and other parts of the northeast USA have not been so assessed. Phloridzin 
levels have been found to differ substantially in different parts of the fruit, with greatest 
abundance in the seeds, intermediate levels in the core area and the skin, and lowest levels 
in the fruit flesh (Awad et al., 2000). Levels of plant secondary compounds and nutrients 
are known to differ among leaves of different ages ( Feeney and Bostock, 1968; Shultz et 
al., 1982; Scalbert and Haslan, 1987; Meyer and Montgomery, 1987; Mauffette and 
Oechel, 1989; Bryant et al., 1991; Garcia et al., 1997) and possibly among different leaf 
types (Hunter and Hull, 1993). They are also negatively affected by shade (Dudt and 
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Shure, 1994; Garcia et al, 1997). Therefore, age of tissue, leaf type, and location within 
the canopy must be kept consistent on each sample date to reduce sampling error. 
McRae et al (1990) found significant differences among cultivars, with high 
levels of phloridzin in apple fruit cortex of ‘Cortland’, ‘Delicious’ and ‘Golden Delicious’, 
but low levels in ‘Gravenstein’ and ‘Jerseymac’, and intermediate levels in ‘McIntosh’, 
‘Spartan’, ‘Northern Spy’ and ‘Golden Delicious. High levels of phloridzin were also 
found in peel of‘Delicious’, ‘Golden Delicious’ and ‘Gravenstein’. Such variation in 
phloridzin and phloretin concentration was highly correlated with antifeedant deterrence to 
Japanese beetle adults in a total of 50 taxa of Malus spp. (Spicer et al., 1995; Fulcher, et 
al, 1997, 1998). Phloridzin and/or phloretin have also been reported to be antibacterial 
(MacDonald and Bishop, 1952), associated with specific apple replant disease (Towers, 
1973) and apple disease resistance (Harbome, 1973; Bessho et al, 1994; Picinelli et al, 
1995). Noveroske et al (1964), however, reported that inhibition of Venturia inaequalis 
spores was not caused by either compound directly, but by an oxidative intermediate of 
phloretin. Phloretin has also been found to inhibit in a dose-dependent manner the activity 
of cytochrome P-450 dependent ecdysone 20-monooxygenase (Mitchell et al, 1993). 
Hutchinson (1959) noted that apple leaves appear to be the site of phloridzin 
synthesis, so that spider mites such as the European red mite, which are reported to feed on 
apple leaves down to a depth of 70-120 /^M (Avery and Briggs, 1968a), are likely exposed 
to it in several ways. Exposure may be by feeding on leaf parenchyma cells (Tomczyk and 
Kropczynska, 1985), including those associated with vascular bundles (Avery and Briggs, 
1968a), feeding on the spongy mesophyll (Kielkiewicz, 1985), and probably by contact 
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with leaf exudates containing phloridzin (Lauzon personal communication, 1999). Such 
exudates are known to occur from leaves of many plants including apple, pear and plum, 
with substantial variation among cultivars of the same species (Tukey, 1971). They are 
generally accepted to have a antimicrobial effects (Cruickshank and Perrin, 1964). No 
one, however, has yet studied whether internal or external phloridzin concentrations 
explains observed differences in apple cultivar susceptibility to key pests such as mites. 
Induced plant resistance to spider mites has been reviewed by Karban and English- 
Loeb (1988). Resistance has been shown to be induced in cotton from mechanical abrasion 
alone (Karban, 1985) and by previous mite feeding (Karban and Carey, 1984; Harrison and 
Karban, 1986; Karban, 1986). Similar induced defense has been shown to also occur in 
soybeans (Hildebrand et al., 1986; Brown et al., 1992). 
The first step in biosynthesis of flavonoids (e.g., phloridzin) is catalyzed by the 
enzyme chalcone synthase (chs) (Koes et al., 1990). Those authors note that in petunia, 
whose genome contains eight complete chs genes, differences in expression among these 
genes are caused, at least partly, by their promoters, and that genetic control of flavonoid 
biosynthesis is highly tissue-specific. Further, Lawton and Lamb (1987) reported that chs, 
as well as phenylalanine ammonia-lyase (PAL), another key enzyme on the shikimic acid 
pathway leading to formation of dihydrochalcones such as phloridzin, were both induced 
by pest infestation and/or wounding. Through deamination catalyzed by PAL, L- 
Phenylalanine is converted to trans-cinnamic acid, whose carbon skeleton can form many 
phenolic compounds (Zucker, 1972). Thus, as suggested by Thayler (1999), it may be 
possible to amplify pre-existing apple tree anti-herbivore defenses in some fashion, similar 
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to findings that levels of nicotine (constitutive defense) increase after herbivory (Baldwin, 
1989; Baldwin et al., 1994a). Thayler speculated that inducing resistance, combined with 
biological control effected by natural enemies drawn to the plant by volatile emissions, 
may provide a potent pest management strategy for the future. 
Although increased levels of PAL have been shown to be induced by wounding in 
several plant species (Camm and Towers, 1973), whether or not such induction occurs in 
Malus remains to be proven. Even if induction occurs, it is possible that metabolism of 
phloridzin and anthocyanins may occur through different mechanisms (Hutchinson, 1959). 
However, evidence that apple trees can be conditioned to be a less suitable host for the 
European red mite (Panonychus ulmi, ERM) is seen in the observation that previous 
feeding by the apple rust mite {Aculus schlectendali (Nalepa), ARM) results in 
subsequently lower population density of ERM (Croft and Hoying, 1977). Cutright (1963) 
reported that apple foliage fed upon by initial densities of ERM of 5-10 mites per leaf, 
appeared to be resistant to subsequent ERM even though leaves did not show visual 
evidence of injury. 
Many studies have been published which purport to show that phenolics and other 
secondary metabolites can be induced by herbivore feeding and can have consequent 
effects on subsequent herbivory (Feeny, 1976; Rhoades and Cates, 1976; Bryant et al., 
1983; Tuomi et al., 1988 a, b; Kogan and Paxton, 1983; Rhoades, 1985; Isman and 
Duffey, 1983; Tuomi et al., 1984; Coley et al., 1985; Fowler and Lawton, 1985; Appel, 
1993). However, most have examined only the dynamics of the herbivore population after 
previous herbivory without actually quantifying changes in plant chemistry in the same 
34 
experiment (Karban and Carey, 1984; Williams and Myers, 1984; Karban, 1986, 1987, 
1988; Brody and Karban, 1989; Krause and Raffa, 1992). 
Documentation that specific apple tree allelochemics have negative effects on 
spider mites (or other pests), could, as a component of an integrated crop management 
program, make it possible to manage the apple tree so as to optimize or induce plant 
defenses against spider mites (Kogan and Paxton, 1983; English-Loeb and Karban, 1988). 
In addition, by exposing commercially-reared natural enemies to semiochemicals emitted 
by plants in response to herbivory, these natural enemies can be pre-conditioned to 
increase their ability to locate and control their prey (Tumlinson et al., 1993; Maeda et al., 
2000) 
Plant Apparency Theory would support Karban and Myers’ (1989) suggested 
caution in extrapolating from studies of short-lived plants such as crucifers, cucurbits, 
tomato, and tobacco to what happens in trees. Nonetheless, the scarcity of studies 
attempting to apply recent advances in the knowledge of plant defensive responses to 
commercial tree-fruit production, represents an opportunity to advance knowledge. 
With this background, the objectives of this study were twofold: 1. to assess 
genetically-determined variation in phloridzin concentration in ten apple cultivars 
commonly grown in Massachusetts commercial orchards, and, 2. to assess seasonal 
population levels of spider mites on the same ten cultivars, and use regression analysis to 
determine if any relationship exists between phloridzin levels and mite susceptibility. 
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B. Materials and Methods 
The study was conducted at the University of Massachusetts Cold Spring Orchard 
Research and Education Center, Belchertown, Mass. For each cultivar, pooled samples of 
20 intermediate-aged, fully-expanded apple leaves were collected midway along current 
year terminal shoots growing on the outer portion of all four quadrants of three adjacent 
tree canopies. Ten apple cultivars were sampled: ‘McIntosh’, ‘Delicious’, ‘Braebum’, 
‘Liberty’, ‘Golden Delicious’, ‘Macoun’, ‘Cortland’, ‘Empire’, ‘Early McIntosh’, and 
‘Gala’. Sample collection occurred on at least two dates in each year in order to determine 
changes in phloridzin concentration over time. 
Ten-leaf sub-samples were placed immediately into separate coolers containing 
either 1.) reusable ice packs or 2.) dry ice, to determine if rapidity of chilling and or 
freezer storage temperature have any effect on phloridzin content after extraction, and 
returned to freezers on campus for later extraction and analysis. The set of samples 
initially chilled by dry ice were stored in a Revco™ freezer at -70° C, and the other set in a 
standard laboratory freezer at -20° C. 
Prior to extraction, samples were lyophilized and then ground into a fine powder 
using a Wiley Mill. Between samples, the mill was cleaned with a vacuum cleaner to 
eliminate or reduce contamination of samples with residues from previous ones. 
Phloridzin extraction and analysis was as described in Chapter II. 
The same cultivars were evaluated in the field for their susceptibility to spider 
mites. Weekly from 5 August 1994 through 30 August 1994, and from 21 July 1995 to 30 
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August 1995, 20 leaves on each of two trees of each cultivar were examined with a 10X 
hand lens, and number of motile spider mites counted. Subjective visual estimates of mite 
damage (bronzing) also were made. Regression analyses assessing the effects of phenolic 
content on percent mite infestation against phenolic content were performed. 
Differences in phloridzin concentration were analyzed by analysis of variance with 
repeated measures using SAS PROC GLM. Mite counts were transformed by square root 
and subjected to a three-way analysis of variance, grouping on the variable of cultivar, 
date, and leaf, with leaf treated as a random effect using SAS PROC GLM. Mean 
separation was by Tukey’s Honestly Significant Difference (HSD) procedure. Regression 
analysis of percent mite infestation against phenolic content was performed. Data 
presented are untransformed means. 
C. Results 
No mite count data from 1995 are reported due to the frequent application of 
miticides in the block by the farm manager when he noted mites beginning to build. In 
1994, mite numbers differed significantly among cultivars and on certain dates. Highest 
seasonal mite numbers were found on the cultivar ‘Braeburn’ with intermediate numbers 
on ‘ Golden Delicious’, ‘Delicious’, Early McIntosh’, ‘Empire’, ‘Royal Gala’, ‘Liberty’, 
and ‘Macoun’, and lowest numbers on ‘ Cortland’ and ‘Rogers McIntosh’ (Table 5.1). 
No significant correlation was found between mean seasonal mite numbers and 
either yUg/ml or percent dry weight phloridzin (data not shown). 
37 
D. Discussion 
Although not all cultivars tested were the same, these results are consistent with 
findings of Ghate and Howitt (1962) with regard to ‘Delicious’, and ‘Golden Delicious’ 
hosting high mite numbers, and ‘McIntosh’ hosting low numbers. Downing and Moilliet 
(1967) also found higher mite numbers on unsprayed trees of ‘Delicious’ than on 
‘McIntosh’ in British Columbia, and reported that ‘Delicious’ is considered one of the 
most highly mite susceptible cultivars in North America. 
Significance differences among mite numbers on certain dates is not surprising 
since mite population distribution within orchards is not uniform, and mites are known to 
build earlier and/or more quickly on some cultivars (e.g., ‘Delicious’) than on others. 
Further, differences in coverage or in timing of delayed-dormant oil sprays and numbers of 
successfully overwintering mite eggs can also account for differences in the timing and or 
extent of mite outbreaks. 
Regression analysis was never able to explain more than 28% of the variation in 
mean seasonal mite numbers (data not shown). Although analysis of variance of mite 
numbers found significant and expected differences among cultivars in terms of mite 
susceptibility, inability to explain such difference by phloridzin content may be due to a 
number of factors. Specifically, although results of another experiment reported in Chapter 
V indicate that phloridzin can negatively affected mite numbers, one possible explanation 
may be simply that phloridzin content is not a significant factor in mite population 
dynamics in the field. 
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Also, overwintering mite eggs most often are found at the base of spurs, often 
those in the interior of tree canopies. As mites build, they then spread throughout the tree 
canopy. However, mite counts and phloridzin concentration were from mid-aged leaves on 
terminals located at the canopy perimeter. Since Garcia (2002, Personal Communication) 
found that phloridzin content is highest in young leaves and drops off rapidly as leaves 
age. variation in phloridzin content as it relates to leaf age may therefore have masked 
significant differences in phloridzin content as it relates to mite numbers. 
Also, unaccounted for factors (e.g., pesticides used, tree nutritional status, previous 
herbivory) may have affected phloridzin content in unanticipated ways. Additional work 
to better control such factors, use of trees that did not receive miticidal or other sprays, and 
weekly mite and phloridzin sampling in different portions of the tree canopy may yet 
reveal a relationship between phloridzin content and mite numbers. 
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Table 3.1. Mean seasonal mite numbers on ten field-grown 
apple cultivars, 1994. Means within a column followed by the 
same letter are not significantly different (Tukey’s HSD, P > 0.05). 
Untransformed Transformed 
Cultivar Mean Mean 
Braebum 66.4 7.79 a 
Golden Delicious 28.5 4.92 b 
Original Delicious 27.9 4.75 b 
Early Mac 29.3 4.71 be 
Empire 20.2 4.17 bed 
Royal Gala 21.7 3.91 cd 
Liberty 15.8 3.53 d 
Macoun 13.8 3.33 d 
Cortland 3.0 1.29 e 
Rogers McIntosh 2.1 0.99 e 
r 
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Cultivars 
Figure 3.1. Mean transformed seasonal mite numbers in ten field grown apple 
cultivars, 1994. Means with the same letter are not significantly different by 
Tukey’s Honestly Significant Difference Test (HSD, P> 0.05) 
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CHAPTER IV 
EFFECTS OF VARIATION IN LIGHT INTENSITY AND FERTILITY ON 
PHLORIDZIN CONCENTRATION IN GREENHOUSE-GROWN, POTTED 
APPLE TREES 
A. Introduction 
Although variation in concentration of both constitutive and induced defensive 
compounds is likely to be genetically determined (Gould, 1978; Berenbaum, 1981; 
Hildebrand et al., 1986; Koes, 1990), activity of enzymes controlling the pathway by 
which phenolics (including flavonoids) are formed is known to be stimulated by light 
(Creasy, 1968; Smith, 1973; Tan, 1980), resulting in increased accumulation (McClure, 
1975). In the absence of light, anthocyanin pigments (flavonoids) did not occur in apple 
skin (Tan, 1980). This is consistent with a finding of Awad et al. (2000) that skin of fruit 
in the tops of trees or on the canopy perimeter, but not in the inner tree canopy, had highest 
levels of anthocyanin. They also reported, however, that levels of phloridzin in fruit were 
not affected by canopy position. This difference could potentially indicate a lesser 
importance of light in the formation of this flavonoid in fruits, although the authors 
suggest that intercellular transport of flavonoids, their precursors, or enzymes could also 
potentially explain differences noted. Shading has been shown to negatively affect levels 
of carbon-based defensive chemicals such as phenolics (Mole et al., 1988; Dudt and 
Shure, 1994; Garcia et al., 1997), with a consequent increase in plant palatability to 
mammalian herbivores (Waring et al., 1985; Larsson et al., 1986; Bryant, 1987). Hartley 
et al. (1995) found that palatability of spruce seedlings to voles was highest in plants 
48 
which were both shaded and fertilized, and that the preference was correlated positively 
with seedling nitrogen and phenolic content. Shaded willow trees growing in soils with 
adequate nutrition produced less carbon-based secondary defenses (e.g., phenolics) than 
those growing in full light (Waring et al., 1985; Larrson et al., 1986). 
Tuomi et al. (1984) showed that fertilization of birch or willow (which do not 
normally grow in nutrient-rich soils) may negatively affect plant defenses by altering post- 
herbivory plant carbon/nitrogen ratios. Fertilization with N increased leaf N, and 
decreased leaf phenolics, while damage to roots (reduced nutrient uptake) caused 
decreased leaf N and increases in phenolics. Haukioja et al. (1985a) also found a negative 
correlation between foliar N and foliar phenols in wild mountain birch trees. Similarly, 
Hartley et al. (1995) offered partial support for the carbon/nutrient balance hypothesis 
with the finding that shading and fertilizing Sitka spruce seedlings increased their 
palatability to voles, and that this increasewas related to both levels of leaf N and leaf 
phenolics. Hunter and Schultz (1995) working with two species of oak and Bryant et al. 
(1987, 1993) working with quaking aspen and Alaska paper birch also found evidence that 
nutrient availability can influence induction of plant chemicals, especially in 
developmentally-young leaves (Bryant et al., 1987). Hoffland et al. (2000) found that, as 
N increased in tomato, growth increased, but resource allocation to the flavonoid defensive 
compounds rutin and chlorogenic acid decreased. They also documented a preference for 
plants with high N by female Tetranychus urticae. 
Conversely, however, Wait et al. (1998) saw no increase in total phenolic 
glycoside concentrations in young aspen leaves from various rates of N fertilization and 
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concluded that changes in leaf chemistry and beetle feeding were more closely associated 
with leaf development than with beetle feeding behavior. Briggs (1990) finding that 
carbon-fixation by a legume (Lotus corniculatus) diverted carbon from both growth and 
formation of carbon-based phenolics. Haukioja et al. (1985b), and Bryant (1987) found 
that fertilization did not mitigate detrimental effects of previous defoliation on herbivores 
attacking either birch or willow, and Bjorkman et al. (1991) found a similar lack of 
response in young Scots pine. Looking at the combined effects of shading and 
fertilization, Bryant et al. (1983) found a decrease in leaf phenolic chemistry in low 
light/high N plants compared to those grown under conditions of high light/high N and 
high light/low N. Similarly, Chapin et al. (1987) found that plants grown under 
conditions of low light but moderate or high nutrients produced foliage with lower levels 
of phenolics, tannins, and lignin. In buckwheat, Krause and Reznick (1972, 1976) found 
increased PAL activity in P- and N-deficient plants compared to those receiving complete 
mineral nutrition. 
Tan (1980) found that deficiencies of N and K increased accumulation of 
phenylalanine ammonia-lyase (PAL) and reduced the levels of the phenylalanine 
ammonia-lyase inactivating system (PAL-IS) (Creasy, 1976) in leaves of greenhouse- 
grown ‘McIntosh’ apple trees. It is clear that synthesis of flavonoids is associated with 
PAL activity (Creasy, 1968, 1976) and PAL is believed to be the principal limiting factors 
in flavonoid formation (Zucker 1972; Krause and Reznik, 1976). PAL activity is well 
known to be affected by light (Camm and Towers, 1973; Zucker, 1972) and other factors, 
including availability of N and P (Zucker, 1972; Krause and Reznik, 1976) and wounding 
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(Camm and Towers. 19~3). Tan (1979. 19S0) show ed that anthocyanin formation did not 
occur in apple skin held in the dark, pointing out the potential effect of shading on the 
formation of other flanonoids as well through its effects on PAL. 
Other evidence that cultural and growing conditions have an effect on the 
pohphenol profile of eight commercial apple cultivars w as presented by McRae et al 
(1990). w ho found significant differences in the polyphenol profiles of the fruit peel and 
cortex. Also working with apple trees. Rodriguez and Campbell (1961) showed that 
reductions in total leaf N and sugars caused by application of gibberellin reduced mite 
progeny production. Apple leaf X levels were found by Wermelinger et al (1985) to be 
positively correlated with two spotted mite fecundity, oviposition rate, and adult female 
weight and negatively correlated with pre-oviposition period and developmental time. A 
50° o reduction in leaf X was related to a ten-fold decline in mite fecundity, mostly due to 
impacts on oviposition rate and length of oviposition period. Similarly, Henneberry 
(1963). reported that T. urticae fecundity on bean increased with increasing nitrogen 
supply, while Rodriguez et al (1990). found increases in European red mite populations 
on apple correlated well with increased XT content. Given that Hutchinson et al (1959) 
found a significant increase in phloridzin concentration in both roots and tops (2 to 3 times 
greater in the latter than in the former) of 40-day-old apple seedlings grown in nutrient 
solutions deficient in N, Ca, and S, it is reasonable to ask w'hether or not observed effects 
on mites of plant mineral nutrition are related to phloridzin concentration rather than those 
of key nutrients (such as X1) alone. 
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A better understanding of the effects that shading and nutrition have on defensive 
chemicals in apple cultivars commonly grown in the region would be useful. If either or 
both were found to have pest management impacts, farmers could train and/or prune trees 
to alleviate shading in tree interiors (where mite outbreaks typically originate) and 
optimize fertilization to meet needs of the crop, while reducing, or at least not 
exacerbating, cultivar susceptibility to spider mites. 
Here we report on efforts to determine what effect, if any, variations in solar 
insolation and tree nutritional status have on concentration of Phloridzin in four different 
cultivars of greenhouse-grown potted apple trees. 
B. Materials and Methods 
In May of 1995, forty whips each of four cultivars, ‘Pioneer Mac’, ‘Cortland VF’, 
‘Ace Spur Delicious’, and ‘Braebum’ (Adams County Nursery, Aspers, PA.) on M.7 
EMLA rootstock were planted in 18-L gallon pots containing 2:1 orchard soikcommercial 
potting soil, and pH adjusted to between 6.5 and 7.0. Soil samples were collected from 
pots assigned to each treatment. To reduce the number of samples analyzed for each 
treatment, soil from replications 1-5 and replications 6-10 were pooled for nutrient 
analyses. At planting, each seedling was headed to 90 cm above the graft union, pruned of 
all side branches, and positioned in a plastic-covered greenhouse. 
Ten replicates were arranged in a randomized complete block design, with four- 
tree plots (each containing all four cultivars: ‘Pioneer Mac’, ‘Cortland VF’, ‘Ace Spur 
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Delicious’, and ‘Braebum’) (split plot). Individual seedlings were randomly positioned 
within each four-tree plot and each plot randomly assigned within each replicate to one of 
four treatments combinations (whole plot). All plants were watered as required with an 
automatic drip irrigation system operated by a tensiometer (Irrometer Co., Riverside, CA). 
Part way through the 1995 growing season, trees became naturally infested with 
two spotted spider mites and Amblyseius fallacis, and were sprayed with a pesticide toxic 
to both species. No re-infestation occurred either in 1995 or in 1996. 
After the 1995 growing season, trees were labeled according to treatment, dried 
down to induce dormancy, and relocated to a cold cellar for storage over winter. The 
following spring, trees were returned to the greenhouse, and re-randomized within plots 
and replicates (but not treatment). Trees were pruned of all side shoots and headed back 
to insure that they did not outgrow the allotted space within plots and treatments in year 
two. 
1. Treatments 
One of four treatments was applied to each 4-tree plot. Treatments consisted of 
Full Sun/Full Nutrition (FS/FN), Reduced Sun/Full Nutrition (RS/FN), Full Sun/Reduced 
Nutrition (FS/RN), and Reduced Sun/Reduced Nutrition (RS/RN). 
The FS treatment consisted of natural levels of solar insolation and natural day 
length. The FN treatment consisted of whatever nutrients were initially present in the 
soil/potting mix as determined by soil tests, supplemented with 35 g Osmocote™ 14-14-14 
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(N, P. K) 30 days later, and an additional 25 g Osmocote™ 14-14-14 in June of the next 
growth season. 
The RS treatment consisted of draping 70% shade cloth (Griffin Greenhouse 
Supply) over a frame consisting of 2.4-m metal fenceposts driven into the soil at the 
comers of 4-tree plots, so that all foliage on each tree in the plot w as shaded. 
The RN treatment consisted of whatever nutrients were initially present, 
supplemented by 10 g Osmocote™ 14-14-14 at planting, but no additional nutrients for the 
remainder of the experiment. 
Photosynthetic measurements were taken with a LI-COR™ 6000 (LI-COR, Ltd., 
Lincoln, NE) photosynthesis system on the 5th leaf from the expanding terminal leaf of one 
cultivar (‘Cortland') in each plot beginning at 10:30 AM on a cloudless day to determine 
the effect of shading on photosynthetic ability. 
2. Leaf Sampling and Storage 
After trees had put on enough growth to allow leaf samples to be taken, and before 
application of shade-cloth treatment, 3-5 mid age leaves were collected from terminal 
shoots on each tree, placed into labeled paper bags, then into an insulated cooler 
containing dry ice, and ultimately into the Revco™ freezer (-70 ° C) until extraction and 
analysis for phloridzin concentration. Additional samples wrere collected and handled in 
the same manner every 4-6 wreeks for the remainder of the growing season. Sample 
extraction and analysis was conducted as described in Chapter II. 
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3. Nutrient Analyses 
Leaf tissue samples left over from phloridzin extraction were analyzed at the 
University of Massachusetts Soil and Tissue Testing Lab for both major and minor 
nutrients. 
4. Statistical Analyses 
Phloridzin concentration data were analyzed as a 6 way analysis of variance (main 
effects of cultivar, sun, nutrition, replicate, year, and date) using the SAS PROC GLM 
procedure (SAS Institute Cary, NC). Mean separation was performed by F test and 
Duncan’s New Multiple Range Test (P=0.05). 
Leaf tissue analyses were analyzed using SAS PROC GLM, with main effects of 
cultivar, sun, nutrition, and replicate. Mean separation was performed by F test and 
Duncan’s New Multiple Range Test (P=0.05). 
Untransformed greenhouse photosynthetic data were also analyzed using SAS 
PROC GLM. Three analyses were performed: the first model used treatment as the sole 
main effect, the second used treatment and replication as main effects, and the third 
combined means for both shade treatments and both full sun treatments. Mean Separation 
was conducted by Duncan’s New Multiple Range Test (P = 0.05). 
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C. Results 
1. Soil Tests 
At the onset of the experiment, soil used for potting trees was uniform in pH and 
largely uniform in nutrient makeup with the exception of treatments 1 (FS/FN) reps. 1-5, 
treatment 2 (RS/FN), reps. 1-5 and treatment 4 (RS/RN), reps 1-5, which were 
substantially higher in nitrate nitrogen than other treatments and reps (Table 4.1). In spite 
of these initial differences in some replication of RS/RN, by the second growing season all 
RN trees showed clear signs of nitrogen deficiency (leaf chlorosis). 
2. Phloridzin Content of Leaves 
Main effects of Cultivar, Sun, and sample Date were highly significant as were the 
Cultivar x Sun, Cultivar x Nutrition, Sun x Nutrition, Sun x Year, and Nutrition x Year 
interactions (Table 4.2). 
‘Delicious’ showed the highest phloridzin percent dry weight average over the two 
years the experiment was run, and ‘Braebum’ had the lowest, while phloridzin levels in 
‘Pioneer McIntosh’ and ‘Cortland’ were intermediate and did not differ statistically from 
one another (Table 4.3). A highly significant effect of Sun treatments and of the Sun x 
Year interaction (Table 4.4) indicated that application of 70% shade cloth resulted in lower 
phloridzin percent dry weight in each year and over the duration of the experiment. This 
difference was noted in Year 1, when mean percent dry weight of phloridzin was 22 % 
greater in FS trees, but especially in Year 2, when mean percent dry weight of phloridzin 
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was 35 % greater under FS (Table 4.4). Cultivars did not differ in their response to sun or 
shade in regard to percent dry weight phloridzin which was always higher under full sun 
(Table 4.5). 
The highly significant Nutrition x Year interaction resulted from higher percent dry 
weight phloridzin in RN trees in Year 1, although not in Year 2 or overall (Table 4.6). Of 
the four cultivars tested, only ‘Cortland VF’ showed a difference in phloridzin content in 
response to nutrition (Table 4.7). Although nutrition treatments did not affect phloridzin 
content in trees receiving 70% shade, reduced nutrition resulted in significantly higher 
phloridzin in trees under FS (Table 4.8). 
Phloridzin levels differed significantly among sample dates (Table 4.9) with 
higher phloridzin levels on the later sample date in each year. 
3. Photosynthetic measurements. 
Mean photosynthesis was significantly greater in trees receiving full sun compared 
to 70% shade (Table 4.10, 4.11). 
4. Nutrient analyses. 
Light and nutrition treatments were highly significant sources of variation for N, P, 
K, Ca, Mg, and Fe (Tables 4.12- 4.17). Sunlight but not nutrition was a significant source 
for Cu and B (Tables 4.18-4.19), and nutrition but not sunlight was significant for Mn 
(4.20). Levels of Zn did not differ significant among sun or nutrient treatments (tests not 
shown). Cultivars differed significantly from one another in the case of certain nutrients, 
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but not others (Table 4.21). Levels of N, P, K, Ca, Mg, Zn, Fe, and B, were all 
significantly higher in leaves of trees under 70% shade, while Cu and Mn did not differ 
(Table 4.22). Trees receiving full nutrition had significantly higher levels of N, Ca, Mg, 
Mn, and Fe, lower levels of P and K, similar levels of Zn, Cu, and B (Table 4.23). It is 
clear that nutritional treatments had the desired effect, since, regardless of cultivar, leaf 
tissue from RN trees consistently had significantly lower N than FN trees (Table 4.24). In 
FN trees, levels of Ca, Mg, Mn, and Fe were all also higher, P was lower, and Zn, Cu, and 
B did not differ compared to RN trees. Although K levels differed significantly, in either 
treatment, leaf K was substantially above optimal (i.e., 1.2 - 1.8 %) (Autio, 2002). The RN 
treatment resulted in leaf N levels well below those considered satisfactory for commercial 
orchards (Autio, 2002). 
D. Discussion 
Data presented here clearly indicate that use of 70% shade cloth had the desired 
effect of significantly reducing mean photosynthesis. The lack of a nutrition effect on 
mean photosynthesis may have resulted from measurements being taken in the first year of 
the study, before initially-sufficient nutrients present in the pots were depleted 
significantly. 
The relative concentration of phloridzin noted in this experiment differed 
somewhat from those detailed in Chapter 2 (Table 2.6), particularly with regard to 
‘Delicious’. In that trial, ‘Original Red Delicious’ ranked eighth , and ‘Cortland’ ninth, 
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while ‘Rogers Mac’ ranked first in phloridzin concentration among cultivars tested. 
Results for ‘Braeburn’ were consistent between the two trials. In addition to the potential 
effect that greenhouse and pot culture may have had, differences in relative phloridzin 
content can also potentially be explained by differences among the strains tested in the 
greenhouse. For example, since ‘Ace Spur Delicious’ differs from ‘Original Red 
Delicious’ in its spur type growth habit and extent of red (anthocyanin) coloration, it is 
reasonable to suggest that it may also differ in activity of the pathway forming both the 
anthocyanin pigment and the flavonoid phloridzin. Similarly, differences may exist 
between ‘Rogers McIntosh’ and ‘Pioneer Mac’ since the two are distinct cultivars. Virus 
free apples, and those grown on virus free rootstocks, such as M. 7 EMLA, are more 
vigorous than those which are not virus free (Forshey, et al., 1992). Hence, in the case of 
‘Cortland VF’, it is possible that the absence of viruses in both rootstock and scion may 
affect the tradeoff between utilizing photosynthetically-derived carbon for growth versus 
carbon-based defensive compounds. 
The finding that phloridzin levels were higher on the later sample dates in each 
year contradicts other work that shows phloridzin levels declining over the season 
(Chapter 2; Hunter and Hull, 1993). We speculate that interior greenhouse temperatures 
above ambient external temperatures, combined with adequate moisture and nutrient levels 
in containers, may have allowed trees to shunt more photosynthetically-derived 
carbohydrates into phloridzin, and prevented the expected decline in phloridzin content 
over the growing season. 
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The finding noted above that, as a group, cultivars receiving full sun averaged 
higher mean phloridzin levels than those under 70% shade is consistent with reports by 
several authors (Smith, 1973; McClure, 1975; Waring et al., 1985; Larrson et al., 1986; 
Dudt and Shure, 1994, Garcia et al., 1997) and with the resource availability hypothesis 
(Coley et al., 1985) and the carbon/nutrient balance hypothesis (Bryant, 1983, 1987). 
Under the former, plants growing in nutrient poor sites, have inherently slower growth 
rates, and therefore tend to "invest" more heavily in anti-herbivore defense such as 
phenolics. Under the latter, shading is thought to have a negative effect on accumulation of 
phenolics and other carbon-based defenses since shaded plants would produce fewer 
carbohydrates from photosynthesis and therefore would be limited in their ability to shunt 
those into carbon-based defensive compounds such as phloridzin. The data showing that 
cultivars consistently had higher phloridzin levels under full sun supports this contention. 
As suggested by Zucker (1972) and Kraus and Reznik (1976), higher phloridzin may have 
resulted from a reduction in activity of light-activated PAL, which is thought to be the 
limiting factor in flavonoid accumulation. 
Apple trees growing under conditions of low nutrition, particularly, low N, would 
be expected to have higher levels of phenolics such as phloridzin (Hutchinson et al., 
1959). In this experiment, the effect of nutrition on phloridzin levels is less clear, 
however, since reduced nutrition plants had higher phloridzin only in 1995 (Table 4.6), 
and only ‘Cortland’ had higher levels under reduced nutrition (Table 4.7). Reduced 
Nutrition trees had higher percent dry weight phloridzin than full nutrition trees growing 
under Full Sun (Table 4.8). The trend towards higher phloridzin levels under full sun 
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regardless of nutrition is consistent with the model proposed by Bryant et al. (1983), 
suggesting that plants grown under normal light/reduced nutrients would have higher 
carbon-based defenses compared to those grown under reduced light/normal nutrients. 
Since shaded trees were photosynthesizing at a lower level than unshaded ones (Table 
4.11), there not only would there be less photosynthetically-derived carbon to move 
through synthetic pathways, but there also would be less utilization of nutrients overall 
since growth would also be lower. Bryant et al. (1993) suggest this as a possible 
explanation for our finding (Table 4.22) that trees under 70% shade had significantly 
higher levels of all nutrients in their leaves than trees under full sun. 
Additional studies are called for to clarify the effect of plant nutrition alone on 
phloridzin levels in different apple strains or cultivars. 
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Table 4.1 Initial nutrient levels in soil used as growing medium for potted, greenhouse- 
grown apple trees, 1995. 
Treatments FS/FN RS/FN FS/RN RS/RN 
Replications 1-5 6-10 1-5 6-10 1-5 6-10 1-5 6-10 
Phosphorus 15 14 15 15 14 15 16 16 
Potassium 196 148 211 184 181 166 238 199 
Calcium 1868 1992 1945 2049 2009 1947 2065 2122 
Magnesium 236 225 241 240 237 248 256 264 
Ammonium N 5 7 7 7 7 7 7 7 
Nitrate N 23 3 17 3 4 3 57 3 
Boron 1.2 1.0 1.2 1.3 1.2 1.1 1.3 1.3 
Manganese 9.1 8.8 8.9 9.5 9.5 9.4 9.2 8.8 
Zinc 6.9 11.6 6.5 5.7 6.1 6.2 5.5 6.7 
Copper 0.5 0.2 0.3 0.3 0.3 0.2 0.4 0.3 
Iron 4.0 3.9 4.3 4.3 4.5 3.6 4.6 5.0 
Aluminum 12 12 12 12 13 11 13 14 
pH 6.8 6.9 6.9 6.9 6.9 6.9 6.8 6.8 
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Table 4.2. Analysis of variance tests of hypotheses, using phloridzin percent 
dry weight as the dependent variable. 
Sum of 
Source of variation df squares F Pr > F 
Cultivar 
Sun 
Cultivar x Sun 
Nutrition 
Cultivar x Nutrition 
Sun x Nutrition 
Cultivar x Sun x Nutrition 
Year 
Cultivar x Year 
Sun x Year 
Cultivar x Sun x Year 
Nutrition x Year 
Cultivar x Nutrition x Year 
Sun x Nutrition x Year 
Cultivar x Sun x Nutrition x Year 
Date 
3 258.07 60.79 <.0001 
1 389.58 148.57 <.0001 
3 31.57 6.23 0.0028 
1 1.68 0.73 0.4190 
3 21.48 4.38 0.0136 
1 22.70 8.12 0.0215 
3 5.85 0.99 0.4125 
1 3.15 0.79 0.3989 
3 6.79 1.60 0.2159 
1 113.41 43.25 0.0002 
3 4.89 0.96 0.4256 
1 18.19 7.85 0.0231 
3 1.51 0.31 0.8187 
1 0.51 0.19 0.6781 
3 6.81 1.16 0.3463 
1 61.71 15.80 0.0041 
Effect of replication and interactions are not included here for brevity, but 
were included in the analysis 
Table 4.3. Mean phloridzin content of four greenhouse-grown apple cultivars, 1995-96. 
Cultivar Mean phloridzin concentration (% Dry Weight) 
Ace Spur Delicious 9.20 a 
Pioneer Mac 8.15 b 
Cortland VF 8.35 b 
Braebum 6.70 c 
Means followed by the same letter are not significantly different (Duncan's New Multiple 
Range Test, P=0.05) 
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Table 4.4. Mean % Dry Weight phloridzin in greenhouse-grown apple trees under two 
levels of natural light, 1995-96. 
Treatment 1995 1996 Overall Mean 
Full Sun 8.71 a 9.70 a 9.21 a 
70% Shade 7.69 b 6.30 b 6.00 b 
Means within columns followed by the same letter 
(P=0.05). 
are not significantly different by F test 
Table 4.5. Phloridzin content (% DW) in four cultivars of greenhouse- grown potted apple 
trees under two levels of natural light. 
Treatments 
Cultivar 70% shade cloth Full Sun 
Pioneer Mac 6.98 b 9.33 a 
Cortland VF 6.84 b 9.86 a 
Ace Spur Delicious 8.57 b 9.83 a 
Braebum 5.61 b 7.80 a 
Means within rows followed by the same letter are not significantly different by F test 
(P=0.05). 
Table 4.6. Mean % Dry Weight phloridzin in greenhouse-grown apple trees receiving two 
levels of nutrition, 1995-96. 
Treatment 1995 1996 Overall Mean 
Full Nutrition 7.89 b 8.17 a 8.03 a 
Reduced Nutrition 8.51 a 7.84 a 8.18a 
Means within columns followed by the same letter are not significant different by F test 
(P=0.05). 
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Table 4.7. Variation in phloridzin % Dry Weight in four cultivars of greenhouse- grown 
potted apple trees under two levels of nutrition. 
Treatments 
Cultivar Full Nutrition Reduced Nutrition 
Pioneer Mac 7.93 a 8.38 a 
Cortland VF 7.94 b 8.76 a 
Ace Spur Delicious 9.31 a 9.09 a 
Braebum 6.94 a 6.47 a 
Means within rows followed by the same letter are not significantly different by F test 
(P=0.05). 
Table 4.8. Effect of nutrition on phloridzin % Dry Weight in 
apple trees under two levels of natural light. 
greenhouse-grown potted 
Nutrition Treatments 
Light Treatments Full Nutrition Reduced Nutrition 
Full Sun 8.87 b 9.54 a 
70% Shade 7.19 a 6.81 a 
Means within rows followed by the same letter are not significantly different by F test 
(P=0.05). 
Table 4.9. Mean phloridzin % Dry Weight of greenhouse-grown apple trees on two sample 
dates, 1995, 1996. 
Year Mean phloridzin % Dry Weight 
Sample Date 1 7.66 b 
Sample Date 2 8.54 a 
Means followed by the same letter are not significantly different by F test (P-0.05). 
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Table 4.10. Analysis of variance of mean photosynthesis in greenhouse-grown ‘Cortland’ 
apple trees using main effects of combined treatment and replication. 
Sum of 
Source df squares F Pr > F 
Comb, treatment 1 0.2991 18.23 0.0002 
Replication 9 2.8897 19.56 <.0001 
Table 4.11. Mean photosynthesis of greenhouse-grown apple trees receiving either full sun 
or 70% shade, 1995. 
Treatment Mean photosynthesis (mg m"2 s'1) 
Full Sun/Reduced Nutrition 0.353 a 
Full Sun/Full Nutrition 0.338 a 
70% Shade/Full Nutrition 0.201 b 
70% Shade/Reduced nutrition 0.144 b 
Means followed by the same letter are not significantly different (Duncan’s Multiple 
Range Test, P=0.05). 
66 
Table 4.12. Analysis of variance tests of hypotheses, using percent nitrogen 
as the dependent variable. 
Source of variation df 
Sum of 
squares F Pr > F 
Sun 1 1.5036 96.43 0.0022 
Nutrition 1 3.4828 596.91 0.0002 
Cultivar x Sun 3 0.1126 1.29 0.3350 
Cultivar x Nutrition 3 0.0158 0.19 0.9029 
Sun x Nutrition 1 0.4241 7.59 0.0704 
Cultivar x Sun x Nutrition 3 0.1067 8.46 0.0055 
Effect of replication and interactions are not included here for brevity, but 
were included in the analysis. 
Table 4.13. Analysis of variance tests of hypotheses, using percent 
phosphorous as the dependent variable. 
Sum of 
Source of variation df squares F Pr > F 
Sun 1 0.0264 57.35 0.0048 
Nutrition 1 0.0430 21.69 0.0187 
Cultivar x Sun 3 0.0021 0.66 0.5949 
Cultivar x Nutrition 3 0.0027 0.44 0.7299 
Sun x Nutrition 1 0.0005 0.23 0.6644 
Cultivar x Sun x Nutrition 3 0.0008 0.19 0.8985 
Effect of replication and interactions are not included here for brevity, but 
were included in the analysis. 
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Table 4.14. Analysis of variance tests of hypotheses, using percent potassium 
as the dependent variable. 
Source of variation df 
Sum of 
squares F Pr > F 
Sun 1 1.8057 70.59 0.0035 
Nutrition 1 0.1473 12.28 0.0393 
Cultivar x Sun 3 0.1896 4.17 0.0416 
Cultivar x Nutrition 3 0.0502 1.07 0.4103 
Sun x Nutrition 1 0.3615 15.84 0.0284 
Cultivar x Sun x Nutrition 3 0.0592 1.29 0.3358 
Effect of replication and interactions are not included here for brevity, but 
were included in the analysis. 
Table 4.15. Analysis of variance tests of hypotheses, using percent calcium 
as the dependent variable. 
Sum of 
Source of variation df squares F Pr > F 
Sun 1 0.4796 54.43 0.0051 
Nutrition 1 0.3306 116.86 0.0017 
Cultivar x Sun 3 0.0216 3.26 0.0735 
Cultivar x Nutrition 3 0.0379 2.80 0.1011 
Sun x Nutrition 1 0.1314 23.81 0.0165 
Cultivar x Sun x Nutrition 3 0.0288 1.77 0.2231 
Effect of replication and interactions are not included here for brevity, but 
were included in the analysis. 
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Table 4.16. Analysis of variance tests of hypotheses, using percent magnesium 
as the dependent variable. 
Source of variation df 
Sum of 
squares F Pr > F 
Sun 1 0.0030 10.84 0.0460 
Nutrition 1 0.0060 47.26 0.0063 
Cultivar x Sun 3 0.0004 0.58 0.6420 
Cultivar x Nutrition 3 0.0023 4.07 0.0441 
Sun x Nutrition 1 0.0028 10.93 0.0455 
Cultivar x Sun x Nutrition 3 0.0005 0.81 0.5177 
Effect of replication and interactions are not included here for brevity, but 
were included in the analysis. 
Table 4.17. Analysis of variance tests of hypotheses, using parts per million 
iron as the dependent variable. 
Source of variation df 
Sum of 
squares F Pr > F 
Sun 1 7014.06 31.75 0.0111 
Nutrition 1 3277.56 33.67 0.0102 
Cultivar x Sun 3 1242.56 4.80 0.0290 
Cultivar x Nutrition 3 895.56 4.36 0.0371 
Sun x Nutrition 1 915.06 3.47 0.1592 
Cultivar x Sun x Nutrition 3 1579.31 3.95 0.0475 
Effect of replication and interactions are not included here for brevity, but 
were included in the analysis. 
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Tabic 4.18. Analysis of variance tests of hypotheses, using parts per million 
copper as the dependent variable. 
Source of variation df 
Sum of 
squares F Pr > F 
Sun 1 2244.39 9.28 0.0556 
Nutrition 1 1650.39 2.59 0.2059 
Cultivar x Sun 3 1493.05 2.08 0.1727 
Cultivar x Nutrition 3 2703.55 2.36 0.1394 
Sun x Nutrition 1 1130.64 4.23 0.1319 
Cultivar x Sun x Nutrition 3 2984.45 4.47 0.0350 
Effect of replication and interactions are not included here for brevity, but 
were included in the analysis. 
Table 4.19. Analysis of variance tests of hypotheses, using percent boron 
as the dependent variable. 
Sum of 
Source of variation df squares F Pr > F 
Sun 1 3984.77 103.01 0.0020 
Nutrition 1 54.39 4.78 0.1168 
Cultivar x Sun 3 3.79 0.13 0.9394 
Cultivar x Nutrition 3 94.17 2.33 0.1422 
Sun x Nutrition 1 199.52 6.63 0.0822 
Cultivar x Sun x Nutrition 3 154.55 4.32 0.0381 
Effect of replication and interactions are not included here for brevity, but 
were included in the analysis. 
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Table 4.20. Analysis of variance tests of hypotheses, using parts per million 
manganese as the dependent variable. 
Source of variation df 
Sum of 
squares F Pr > F 
Sun 1 60.06 5.94 0.0927 
Nutrition 1 1501.56 365.86 0.0003 
Cultivar x Sun 3 130.56 3.69 0.0556 
Cultivar x Nutrition 3 195.31 5.64 0.0187 
Sun x Nutrition 1 138.06 6.78 0.0801 
Cultivar x Sun x Nutrition 3 20.56 0.50 0.6914 
Effect of replication and interactions are not included here for brevity, but 
were included in the analysis. 
Table 4.21. Nutrient levels in four cultivars of greenhouse-grown potted apple trees, 1996. 
Cultivars 
Nutrient * Braebum 
Cortland 
VF 
Ace Spur 
Delicious 
Pioneer 
Mac 
N 1.85 a 1.87 a 1.90 a 1.93 a 
P 0.32 b 0.27 c 0.36 a 0.29 be 
K 2.65 a 2.29 b 2.57 a 2.33 b 
Ca 1.03 a 0.89 b 1.03 a 0.88 b 
Mg 0.24 a 0.22 be 0.23 b 0.21 c 
Zn 26.93 a 26.36 a 21.50 a 24.50 a 
Cu 15.93 a 11.69 a 26.75 a 24.31 a 
Mn 24.63 a 22.56 a 24.00 a 19.19 b 
Fe 66.75 a 53.81 b 52.13 b 52.69 b 
B 50.31 a 45.50 b 49.63 a 48.63 a 
N, P, K, Ca, and Mg are given as percent, Zn, Cu, Mn, Fe and B are PPM. 
Numbers within rows followed by the same letter do not differ significantly at the 0.05 
level by F test. 
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Table 4.22. Nutrient levels in greenhouse-grown potted apple trees growing under two 
levels of light. 
Nutrient * Full Sun 
Light Treatments 
70 % Shade 
N 1.74 b 2.04 a 
P 0.29 b 0.33 a 
K 2.29 b 2.63 a 
Ca 0.87 b 1.05 a 
Mg 0.22 b 0.23 a 
Zn 23.44 b 26.22 a 
Cu 13.75 a 25.59 a 
Mn 21.63 a 23.56 a 
Fe 45.88 b 66.81 a 
B 40.63 b 56.41 a 
N, P, K, Ca, and Mg are given as percent, Zn, Cu, Mn, Fe and B are PPM. 
Numbers within rows followed by the same letter do not differ significantly at the 0.05 
level by F test. 
Table 4.23. Nutrient levels in greenhouse-grown potted apple trees growing under two 
levels of nutrition. 
Nutrient * Full Nutrition 
Nutrition Treatments 
Reduced Nutrition 
N 2.12 a 1.66 b 
P 0.29 b 0.34 a 
K 2.41 b 2.52 a 
Ca 1.03 a 0.89 b 
Mg 0.24 a 0.22 b 
Zn 27.06 a 22.59 a 
Cu 24.75 a 14.59 a 
Mn 27.44 a 17.75 b 
Fe 63.50 a 49.19 b 
B 47.59 a 49.44 a 
N, P, K, Ca, and Mg are given as percent, Zn, Cu, Mn, Fe and B are PPM. 
Numbers within rows followed by the same letter do not differ significantly at the 0.05 
level by F test. 
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Table 4.24. Effect of nutritional regime on percent N of greenhouse-grown potted apple 
trees. 
Treatments 
Full Sun 70% Shade 
Full Reduced Full Reduced 
Cultivar Nutrition Nutrition Nutrition Nutrition 
Braebum 1.94 a 1.41 b 2.26 a 1.78 b 
Cortland VF 2.10 a 1.40 b 2.11 a 1.86 b 
Ace Spur Delicious 2.12 a 1.47 b 2.11 a 1.92 b 
Pioneer Mac 2.05 a 1.41 b 2.30 a 2.01 b 
Means within rows under each light treatment are not significantly different at the 0.05 
level by F test. 
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CHAPTER V 
EFFECTS OF TOPICAL OR INTERNAL APPLICATION OF PHLORIDZIN TO 
BUSH BEAN PLANTS ON SPIDER MITE POPULATION DENSITY 
A. Introduction 
Many studies have been published which purport to show that production of 
phenolics and other secondary metabolites can be induced by herbivore feeding, and can 
have consequent effects on subsequent herbivory (Feeny, 1976; Rhoades and Cates, 1976; 
Bryant et al., 1983; Tuomi et al., 1988 a, b; Kogan and Paxton, 1983; Rhoades, 1985; 
Isman and Duffey, 1983; Tuomi et al., 1984; Coley et al., 1985; Fowler and Lawton, 1985; 
Appel, 1993). Constitutive factors such as phenolics in apple are also reported to 
negatively affect fecundity, survival, or developmental rate of such key pests as Two 
Spotted spider mites (TSSM, Tetranychus urticae Koch) (Wermelinger et al., 1985; 
Dabrowski and Bielak,1978). 
Many authors have reported that phloridzin is present at relatively high levels in 
apple (Williams, 1960, 1964; Hunter, 1975; Lea, 1982; Hunter and Hull, 1993; Hunter et 
al., 1994), with the leaves apparently the site of phloridzin synthesis (Hutchinson et al., 
1959). Spider mites on apple are exposed to phloridzin both by feeding on leaf 
parenchyma cells (Tomczyk and Kropczynska, 1985), including those associated with 
vascular bundles (Avery and Briggs, 1968a) and the spongy mesophyll (Kielkiewicz, 
1985) and probably by contact with leaf exudates containing phloridzin (Lauzon pers. 
comm., 1998). Such exudates are known to occur from leaves of apple (Cruickshank and 
Perrin, 1964), as well as pear and plum (Tukey, 1971), with substantial variation among 
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cultivars of the same species. Rearing of spider mites on an artificial diet is not possible; 
however, exposing two-spotted spider mites to phloridzin is possible by rearing mites on a 
plant which does not contain the flavonoid but which is frequently used to culture TSSM 
(i.e, bush bean, Phaseolus vulgaris). No one has yet studied whether or not internal or 
external phloridzin concentration, especially in or on a plant which normally does not 
contain the compound (Harbome, 1973), may at least partly explain previously-reported 
differences in apple cultivar susceptibility to these key pests (Ghate and Howitt, 1962; 
Downing and Moillet, 1967, Dabrowski, 1976; Dabrowski and Bielak, 1978). 
Here we report on efforts to determine if phloridzin has adverse effects on mite 
population dynamics when mites are exposed via topical application and introduction into 
the transpiration stream of bush bean, a plant in which it is normally not present. 
B. Materials and Methods 
1. Treatments 
Dwarf horticultural bean plants (Phaseolus vulgaris) (Taylor Strain, Chas. C. Hart 
Seed Co., Whethersfield, Conn.) were started in a growth chamber and grown until two 
trifoliate leaves unfolded. Plants were then moved to a lab bench with natural light, and 
one of five treatments were applied to individual plants. 
Treatments consisted of: 
1. Untreated control. 
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2. 0.01 M phloridzin applied topically to upper and lower leaf surfaces with a 
hand-held spray applicator to run off. 
3. 0.01 M Phloridzin wicked into the plant using unwaxed cotton thread. 
4. Deionized water wicked into the plant using unwaxed cotton thread. 
5. Deionized water applied topically to upper and lower leaf surfaces with a hand¬ 
held spray applicator to run off. 
Replication of treatments occurred over time to minimize the potential for cross¬ 
contamination with mites: no more than two replications were in the growth chamber at 
any one time. A total of eight replicates were run of single-plant plots. 
Three days after application of treatments, five gravid female TSSM were applied 
to each plant, and mite populations were allowed to develop for 3 weeks. No effort was 
made to contain mites on individual plants, although order of treatments was randomly 
assigned to rows of plants to minimize any positional effect. At the end of 3 weeks, all 
plants were sacrificed, and all motile mites counted. 
Three samples of leaves and two samples of stems from treatment 2 (phloridzin 
topically applied), and six samples of leaves and two samples of stems from treatment 3 
(phloridzin wicked), as well as three samples from treatment 1 (Untreated control) were 
collected, dried, ground, extracted, and analyzed as described below. Two hundred fA of 
leaf sample extract 4 was overspiked with 200 jj\ of a 100 /ig/ml phloridzin standard to 
confirm whether or not the peak identified by retention time as phloridzin was actually 
phloridzin. 
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2. Sample Extraction and Analysis 
To quantify the concentration of phloridzin present, treated plants were sacrificed, 
leaves and stems separated, and samples immediately frozen. Samples were then 
lyophilized and ground in a Wiley mill. 
Sample extraction and analysis was conducted as described in Chapter II. 
3. Statistical analyses 
Mite count data were normalized by square root transformation, tested for 
homogeneity of variance (passed) and analyzed with analysis of variance using the SAS 
general linear model (GLM) (SAS Institute, Cary, NC) procedure with main effects of 
treatment and replication in the model. 
C. Results 
HPLC analysis confirmed that phloridzin was present both in and on experimental 
bean plants which had received phloridzin treatments (Table 5.1). Results from the 
overspike of sample 4 indicated that putative phloridzin peaks had the identical retention 
time as the standard. No phloridzin peaks were detected in untreated control plants (data 
not shown). Highest phloridzin levels were found in leaves that had received topical 
application of 0.01 M phloridzin. Phloridzin levels in the phloridzin wicked treatment 
ranged from a low of 0.14 yUg/ml to a high of 14.96. 
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Analysis of variance of transformed mite-count data indicated highly significant 
effects of treatment and replication (Table 5.2). Two replications in particular generated 
substantially lower mite numbers than others due to high summer temperatures in the 
growing room over a weekend. Reduced plant quality due to dessication necessitated 
harvesting and counting mites sooner than was the case for other replications. Mean data 
for transformed mite counts are presented in Table 5.4. 
D. Discussion 
Due to the lack of a suitable artificial diet, laboratory spider mite colonies are 
typically reared on bean, a plant on which they can develop high numbers. Eventually, 
developing populations can completely cover bean plants in silken webbing, and cause 
plant desiccation and death. 
Our results showed that phloridzin, either when applied topically to bean plants, or 
when introduced into the transpirational stream via a cotton thread, resulted in smaller 
numbers of T. urticae compared to plants which were not treated with phloridzin. This 
result is consistent with findings of Wermilinger et al. (1985), who found that T. urticae 
weight, total fecundity, and oviposition rate were all inversely related to total phenol 
content in both bean and apple. Although those authors achieved differences in total 
phenols by manipulating plant nutrition (particularly N), they indicated that non-nutritional 
factors had influenced mite biological parameters. We speculate that phloridzin wicked 
into the plant’s transpirational stream in our experiment may have served as a feeding 
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deterrent similar to effects reported by Pree (1977) and Fulcher et al. (1997) with apple 
maggot larvae and Japanese beetle adults, respectively. 
Topical application of phloridzin to upper and lower leaf surfaces would be similar 
to a situation where mites are exposed to plant leachates (Tukey, 1971). Whether such 
exposure also had a direct deterrent effect on feeding, or served as an irritant, causing the 
mites to spend more time seeking portions of the leaf surface which were free of the 
material on which to feed, was not determined. 
Even were results of this experiment to be confirmed by others, our findings likely 
have no practical value to bean growers given that the cost of purified phloridzin is so high 
as to preclude its use as a feeding deterrent spray. However, confirmation that phloridzin 
has negative effects on development of spider mites raises the possibility that changes in 
apple cultural management (e.g., through changes in nutrient management or pruning), 
development of ways to induce existing apple tree defense mechanisms, or use of 
molecular techniques to create "super resistant" apple cultivars could result in sustainable, 
non-chemical mite-management systems. 
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Table 5.1 Phloridzin concentration in treated bean leaves 
Sample type yUg/ml RDZ 
Wicked leaves 
Sample 2 4.05 
Sample 3 3.11 
Sample 4 14.96 
Sample 4 (Overspike) 57.36 
Sample 7 0.14 
Sample 8 2.68 
Sample 13 2.62 
Topical Leaves 
Sample 1 50.48 
Sample 5 6.46 
Sample 12 6.17 
Wicked stems 
Sample 6 2.39 
Sample 10 2.75 
Topical stems 
Sample 9 2.45 
Wicked/topical stems 
Sample 11 1.96 
Table 5.2. Analysis of variance of phloridzin application on square root transformed 
mite count data. 
Source of variation 
Sum of 
squares F df Pr> F 
Treatment 98.84 8.92 4 <.0001 
Replication 1847.27 95.30 7 <.0001 
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Table 5.3. Effect of treatment on mean T. urticae numbers on French Horticultural bean 
plants, 2001. 
Treatment Mean 
Water wicked 95.0 a 
Water applied topically 77.0 a 
Untreated control 66.5 a 
Phloridzin wicked 47.0 b 
Phloridzin applied topically 39.0 b 
Means followed by the same letter are not significantly different at the 0.05 level (Tukey’s 
HSD, P=0.05) 
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CHAPTER VI 
EFFECTS OF SUMMER PRUNING ON PHLORIDZIN CONCENTRATION IN 
FIELD-GROWN, MATURE, SEMI-DWARF ‘MCINTOSH’ APPLE TREES 
A. Introduction 
The dihydrochalcone glycoside phloridzin (RDZ) and its aglycone phloretin (RET) 
are present in all parts of the Malus plant, including roots (Hutchinson et al., 1959), bark ( 
Bessho et al., 1994), foliage (Fulcher et al., 1998; Garcia et al., 1995), and fruit (Whiting 
and Coggins, 1975; Wilson, 1981; Dick, 1987; Oleszek et al., 1988; McRae et al., 1990; 
Spanos et al., 1990; Awad, 2000). They are the predominant phenolics in apple leaves and 
in the foliage of certain other Rosaceae (Williams, 1960, 1964; Hunter, 1975; 
Growchowska and Ciurzynska, 1979; Hunter et al., 1994). 
Levels of RDZ are known to vary among Malus cultivars (McRae, 1990; Hunter 
and Hull, 1993; Tomas-Barberan et al., 1993, Hunter and Hull 1994a; Garcia et al., 1995; 
Awad et al., 2000). Reported antifeedant properties against Japanese beetle adults (Spicer 
et al., 1995; Fulcher et al., 1997, 1998) and apple maggot larvae (Pree, 1977), could 
potentially explain variation in plant susceptibility to herbivory from those insects (Spicer 
et al., 1995), as well as other arthropods (e.g. spider mites) whose fecundity, survival and 
developmental rates are reportedly negatively affected by phenolics (Dabrowski, 1976; 
Dabrowski and Bielak, 1978). 
Activity of both phenylalanine ammonia lyase (PAL) and chalcone synthase 
(CHS), key enzymes along the pathway by which phloridzin and other phenolics are 
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formed (Lawton and Lamb, 1987; Koes at al., 1990), is known to be affected by light 
(Creasy, 1968, 1976; Zucker, 1972; Camm and Towers, 1973). Thus, as suggested by 
Thayler (1999), it is worth investigating whether it is possible to amplify levels of pre¬ 
existing secondary defensive compounds as a future pest management strategy. 
Given the importance of light in the formation of phenolics such as phloridzin, we 
asked whether or not pruning could be used to increase levels of defensive chemicals, thus 
allowing growers to use a non-chemical mite management technique which also has 
known horticultural benefits. Most apple tree pruning in commercial orchards is 
performed during the late winter months when trees are dormant (Westwood 1988). 
However, it has been demonstrated that summer pruning, typically conducted in early 
August, has significant beneficial effects on fruit quality by allowing greater light 
penetration into interior tree canopies, causing a concomitant improvement in the percent 
red color of harvested fruit (Autio and Greene, 1990). 
Here we report on results of a study to evaluate whether or not Phloridzin 
concentration in apples leaves in interior or exterior portions of tree canopies is affected by 
shading, and whether summer pruning affects subsequent concentration of this flavonoid 
in foliage due to resultant increased light penetration into interior tree canopies. 
B. Materials and Methods 
The experiment was conducted in 1998 in a block of mature (30-year-old) 
‘McIntosh’ apple trees growing on M. 7A rootstock at the University of Massachusetts 
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Cold Spring Orchard Research and Education Center, Belchertown, Mass. Trees were 
moderately well-pruned, trained to a central leader, and received a spray program typical 
of a Massachusetts commercial orchard. 
1. Treatments 
The experiment consisted of a randomized complete block design with single-tree 
plots, three treatments and six replications (1x3x6=18 total trees). Treatments were: 
1. Not summer pruned. 
2. Summer pruned. 
3. Summer pruned and then covered with 70% shade cloth. 
2. Leaf sampling 
Prior to application of treatments, pooled samples of five mid-aged leaves were 
collected from terminal shoots on both the exterior and interior portions of tree canopies, 
placed into paper bags and immediately stored in an insulated cooler containing dry ice. 
After returning from the field, frozen samples were placed in a -70° F freezer for later 
extraction and analysis. 
After treatment application, leaf sampling and handling were conducted as above 
on three sample dates: 26 Sept. 1998, 4 Oct. 1998, and 16 Oct. 1998. 
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3. Sample Extraction and analysis 
Prior to extraction, previously frozen samples were lyophilized and then ground 
into a fine powder using a Wiley Mill. Between samples, the mill was cleaned to 
eliminate or reduce contamination of samples with residues from previous ones. 
Sample extraction and analysis was as described in Chapter II. 
4. Statistical analyses 
Untransformed phloridzin concentration data were analyzed with repeated- 
measures analysis of variance using the SAS PROC GLM (SAS Institute, Cary, NC) 
procedure with main effects of Treatment, Canopy Location, and Date. Subsequent 
additional analyses were performed using SAS PROC MIXED with replicates and 
replicate interactions random, however, since output from PROC MIXED compared 
exactly with PROC GLM, the latter is presented here. 
C. Results 
With all three phloridzin sampling dates averaged together, there was no 
significant effect of Treatment, Position, or Treatment X Position (Table 6.1). However, 
there was a significant effect of Time, although no significant Treatment X Time, Position 
X Time, or Treatment X Position X Time effect (Table 6.2). Data means for the three 
treatments, for interior and exterior canopy samples, and for three sample dates are 
presented in Table 6.3. 
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D. Discussion 
Our results confirm findings of Hunter and Hull (1993), that phloridzin 
concentration in apple leaves declines over the course of the growing season. Conversely, 
our finding that leaf phloridzin levels did not vary between interior or exterior canopy 
location contrasts with that of Garcia et al. (1997). This difference may have resulted 
from cultivar differences: our study trees were cv. ‘McIntosh’, while Garcia, et al. worked 
with the cultivars ‘Liberty’ and ‘Rome Beauty’, or from differences in the amount of 
shading leaves actually experienced: Garcia et al. applied shading from 60% to 90%. 
Differences in leaf age may have also been a factor: we chose leaves mid way down 
current season growth, which were some weeks old, while Garcia et al. (1997) found the 
highest phenolic content in 1-week-old-leaves and the lowest in 4-week-old leaves. 
As suggested by Garcia et al. (1997), overall lack of any pruning effect may be due 
to the fact that once synthesized, phenolic concentration is not affected even if amount of 
shading changes. Also, although tree canopies in our study were visually more open after 
summer pruning, they may not have been sufficiently dense to begin with to differentially 
affect formation of phloridzin through effects on enzymes of the shikimic acid pathway. 
Although their conclusions were based on an analysis of apple peel, Awad et al. 
(2000) suggested that phloridzin synthesis may differ from that of anthocyanins by being 
only slightly, if at all, light dependent. 
Several other possible explanations can be suggested to explain the lack of 
demonstrated differences in phloridzin concentration. One is simply that, while wounding 
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is known to induce responses, summer pruning may not be an appropriate stimulus. 
Secondly, it is possible that changes in phloridzin concentration manifest only after a 
delay similar to what Haukioja (1990) refers to as delayed induced resistance (DIR). 
Unfortunately, no samples were taken from experimental trees the following year to see if 
differences had manifest themselves by then. A third possibility noted by Haukioja (1990) 
is that large variation in foliage quality within trees or between trees may contribute to 
lack of a measurable treatment effect. That such variation was caused by differing 
nutritional status of subject trees (Bryant et al., 1993; Hunter and Schultz, 1995) also can 
not be ruled out. 
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Table 6.1. Repeated measures analysis of variance tests of hypothesis for between 
subjects effects of phloridzin concentration in field-grown mature ‘McIntosh’ apple trees 
on M.7A rootstock. 
Source of variation df 
Sum of 
squares F Pr> F 
Treatment 2 6.61 0.46 0.6379 
Position 1 4.79 0.66 0.4225 
Treatment X Position 2 24.15 1.67 0.2057 
Error 30 217.19 
Table 6.2. Repeated measures analysis of variance univariate tests of hypothesis for 
within subject effects of phloridzin concentration in field-grown mature McIntosh apple 
trees on M.7A rootstock. 
Source of variation df 
Sum of 
squares F Pr > F 
Time 2 376.18 30.08 <.0001 
Time X Treatment 4 48.45 1.94 0.1159 
Time X Position 2 17.06 1.36 0.2635 
Time X Treatment X Position 4 10.47 0.42 0.7947 
Error 60 375.21 
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Table 6.3. Effect of summer pruning treatment and canopy position on phloridzin 
concentration in leaves of mature field-grown ‘McIntosh’ apples trees, on three sample 
dates, 1998. 
Treatment 
Canopy 
Position 
No. of 
Samples 9/26/98 10/4/98 10/16/98 
Not Summer Pruned Interior 6 9.58 6.50 3.07 
Exterior 6 8.21 6.70 2.64 
Summer Pruned Interior 6 8.87 3.76 5.53 
Exterior 6 8.36 5.89 4.16 
Summer Pruned + Shaded Interior 6 8.26 5.28 3.78 
Exterior 6 9.04 7.48 5.94 
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